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RJR.  Wilson  Prize  Lecture:  Adventures  with  Accelerators 

John  P.  Blewett 

Brookhaven  National  Laboratory  (Retired),  310  West  106th  Street,  New  York,  NY  10025 


In  this  paper  I  plan  to  cover  60  years  of 
accelerator  history  in  half  a  hour.  In  60  years  there 
are  a  little  over  a  million  half  hours,  so  this  will  be 
a  compression  by  a  factor  of  106.  I  can't  be  very 
complete — just  a  few  glances  at  that  history  as  seen 
from  wherever  I  was  at  the  time. 

My  first  contacts  with  big  accelerators  were 
in  the  mid-thirties  when  I  was  a  graduate  student  at 
Princeton.  Every  year  we  students  made  our  way  to 
Washington  for  the  spring  meeting  of  the  American 
Physical  Society,  held  at  the  Bureau  of  Standards 
which  then  was  a  cozy  affair  out  Connecticut  Avenue 
about  a  mile  past  the  Shoreham  Hotel.  First  we 
found  a  cheap  rooming  house,  then  we  made  our  way 
out  to  the  meeting;  about  five  hundred  physicists 
attended  in  those  days  and  everybody  knew 
everybody  else.  We  looked  forward  to  the  annual 
debate  between  Millikan,  Compton,  and  Swann 
about  what  were  the  cosmic  rays  and  where  did  they 
come  from.  Then  we  would  troop  to  the  Department 
of  Terrestrial  Magnetism  to  see  Merle  Tuve,  Larry 
Hafstad,  and  Odd  Dahl  and  their  1.3  million  volt 
Van  de  Graaff  machine — one  of  the  most  spectacular 
physics  operations  to  be  seen  anywhere  in  those 
days. 

The  next  contact  was  back  at  Princeton  where 
Milton  White  and  Malcolm  Henderson  had  just 
arrived,  bringing  us  the  cyclotron  gospel  from 
California.  They  were  to  build  a  machine  with  a  40- 
inch  pole;  its  magnet  yoke  proved  to  be  so  huge  that 
it  would  not  go  through  the  laboratory  door.  A  big 
hole  had  to  be  knocked  out  of  the  outside  wall.  The 
rest  of  us,  doing  tabletop  experiments  for  our  theses, 
were  stupefied  by  the  grandeur  of  this  operation. 

From  Princeton  I  went  to  England — to  the 
Cavendish  Laboratory — for  a  year  of  work  under  the 
direction  of  Lord  Rutherford  and  Mark  Oliphant. 
Cockcroft  and  Walton's  voltage  multiplier  was  still 
standing,  but  was  superseded  by  a  new  multiplier 
built  by  Philips  in  Holland.  An  intriguing  feature 
was  an  electric  typewriter  built  by  Wynn-Williams 
to  record  data  from  the  Cockcroft-Walton  set.  But 
Wynn-Williams  had  left  and  nobody  else  could 
make  the  typewriter  work. 

My  work  was  on  the  range-energy  relation 
for  slow  alpha  particles — relatively  unimportant, 
but  every  day  "the  Lord,"  as  Rutherford  was 
affectionately  called  by  his  students,  came  around 
about  noon  to  ask  how  the  work  was  going. 

1  returned  to  the  U.S.A.  to  a  job,  paying 
$3,000  a  year,  in  the  Research  Laboratory  of  the 
General  Electric  Company  in  Schenectady. 


Coolidge,  the  Lab's  Director,  was  famous  for 
his  development  of  X-ray  apparatus.  He  considered 
the  betatron  to  be  an  important  X-ray  source  and,  in 
1941,  he  welcomed  Don  Kerst  who  had  built  the  first 
betatron  at  the  University  of  Illinois.  With  the 
help  of  GE's  engineers,  Kerst  built  a  20  MeV  machine 
and  then  returned  to  Urbana.  But  GE's  interest 
continued  and  it  was  decided  to  build  a  100  MeV 
machine  at  the  GE  Research  Lab.  This  was  done, 
primarily  under  the  direction  of  one  of  GE’s  best 
engineers,  Willi  Westendorp.  This  was  quite  a 
spectacular  machine  operating  at  60  Hz,  making  a 
deafening  noise  and  producing  a  truly  lethal  X-ray 
beam. 

During  the  war  we  were  distracted  from 
accelerators  by  the  need  for  equipment  to  jam  the 
German  and  Japanese  radar  systems.  This,  with  the 
cooperation  of  the  Radio  Research  Laboratory  at 
Harvard,  we  accomplished  quite  easily. 

In  1944  a  letter  to  the  editor  of  the  Physical 
Review  came  to  my  attention.  The  Russians, 
Iwanenko  and  Pomeranchuk,  presented  a  formula  for 
energy  losses  by  electrons  in  circular  paths  and 
suggested  that  this  might  set  a  limit  to  the  energy  to 
which  electrons  could  be  accelerated.  Since  the 
formula  indicated  energy  losses  proportional  to  the 
fourth  power  of  the  energy,  this  evidently  deserved 
attention. 

All  innocent  of  the  fact  that  the  same 
formula  had  been  worked  out  by  Lienard  in  1899, 1 
worked  through  the  electromagnetic  theory  and 
concluded  that  the  Russians  were  right.  Moreover,  it 
appeared  that  the  effects  on  a  100  MeV  beam  should 
be  easily  detectable.  The  theory  indicated  also  that 
the  radiation  should  be  in  a  very  narrow  beam 
directed  straight  ahead  of  the  radiating  electron, 
and  so  should  exist  in  a  spectrum  with  a  great  many 
harmonics  of  the  revolution  frequency.  But  the 
vacuum  chamber  of  the  100-MeV  machine  at  GE  was 
opaque,  so  nothing  could  be  seen.  However,  it  was 
easy  to  show  that  energy  losses  should  make  the 
radius  of  the  electron  orbit  shrink  appreciably  at 
the  end  of  the  acceleration  period.  Westendorp  had 
already  observed  an  unexplained  orbit  shrinkage;  I 
calculated  its  predicted  amount  and  found  complete 
agreement  with  the  observations. 

I  published  my  calculations  and  our 
observations  on  the  100-MeV  machine  in  1946.  Only 
later  did  I  become  aware  of  Lienard 's  work 
(remember,  he  was  the  one  who  invented  retarded 
potentials)  and  of  another  monumental  opus,  the 
327-page  Adams  Prize  Essay  of  1908  by  G.A.  Schott, 
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scholar  of  Trinity  College,  Cambridge  on 
"Electromagnetic  Radiation.”  That  essay  contained 
the  complete  theory  of  radiation  from  accelerated 
charged  particles.  Its  only  weakness  was  that  the 
formula  describing  the  spectrum  of  the  radiation  was 
expressed  in  Bessel  functions  of  very  high  order  not 
to  be  found  in  available  tables.  This  was  rectified  in 
1949  when  Julian  Schwinger  published  his  elegant 
paper,  "On  the  Classical  Radiation  of  Accelerated 
Elections,"  in  which  he  converted  Schott's  spectrum 
formula  to  one  using  tabulated  functions. 

It  should  be  noted  that,  at  that  time  and  for 
some  time  thereafter,  this  radiation  was  regarded 
as  nothing  but  a  nuisance,  setting  an  upper  limit  to 
achievable  energies.  No  one  appreciated  the 
possibility  that  the  radiation  might  be  a  useful 
experimental  tool. 

It  was  then  that  the  synchrotron  appeared 
on  the  scene.  We  read  Ed  McMillan's  paper  with 
fascination.  Did  his  phase  oscillation  equation 
indicate  a  stable  oscillation?  To  the 
mathematically  sophisticate  it  was  evidently  OK, 
but  I  thought  it  would  be  nice  to  solve  it  with  a  new 
calculating  engine  that  GE's  engineers  had  created. 
It  performed  integration  with  a  system  of  discs 
revolving  in  contact  with  the  surfaces  of  other 
rotating  discs  and  took  up  a  room  85  feet  long.  It  had 
been  quite  useful  in  solving  some  problems  of  electron 
orbits  in  vacuum  tubes,  so  I  fed  it  the  phase 
oscillation  differential  equation.  To  my  distress,  it 
supplied  a  solution  that  continually  increased  in 
amplitude.  After  some  thought,  I  decided  to  feed  it 
the  equation  for  an  undamped  sine  wave.  To  my 
relief,  the  machine  again  yielded  an  increasing 
amplitude.  The  conclusion  was  that  backlash  in  the 
integrating  mechanisms  made  the  machine 
unsuitable  for  equations  with  periodic  solutions. 

About  this  time  Ed  McMillan  himself 
appeared  in  Schenectady  to  ask  for  advice  on  how  to 
construct  the  laminated  magnet  for  his  proposed  300- 
MeV  synchrotron.  Westendorp  and  I,  with  several 
others,  spent  a  good  deal  of  time  with  him,  showing 
him  our  solutions  to  problems  with  the  betatron 
magnet.  Then  he  went  home  and  we  began  to  think 
about  our  skill  in  building  machines  and  about  all 
the  parts  we  had  lying  around.  Herb  Pollock,  Bob 
Langmuir  and  I,  with  several  of  our  associates,  said 
to  ourselves,  "Suppose  we  put  together  a  machine 
for,  say  70  MeV?  We  could  be  the  first  in  the  world 
to  produce  an  operating  synchrotron."  And,  indeed, 
that  is  what  we  did.  Our  machine  operated  in  1947; 
it  had  a  transparent  vacuum  chamber  and  almost 
immediately  the  electron  radiation  was  observed,  a 
small  bluish  white  spot  at  the  side  of  the  chamber 
where  the  beam  was  approaching  the  observer.  At 
lower  energies  the  spot  changed  color;  at  40  MeV  it 
was  yellow  and  at  30  MeV  it  became  red  and  very 


faint.  So  now  it  is  called  "synchrotron  radiation" 
although  it  was  first  detected  in  a  betatron. 

We  were  not  the  first  to  produce  an  operating 
synchrotron.  The  British  team  of  Goward  and  Barnes 
had  very  quickly  thrown  together  a  tiny  8-MeV 
machine  which  worked  long  before  ours  was 
finished. 

In  1946  I  heard  about  the  founding  of  the 
Brookhaven  National  Laboratory;  it  was  to  be  a 
cotter  for  all  sciences  involving  the  nucleus  and  it 
was  to  build  equipment  so  big  that  single  universities 
could  not  afford  it.  Stan  Livingston  who,  with  Ernest 
Lawrence  had  built  the  first  cyclotron,  was  to  head 
the  accelerator  group.  He  wanted  to  build  the 
largest  cyclotron  ever  seen  for  750  MeV  but  he  was 
overruled  by  1. 1.  Rabi  who  decreed  that 
Brookhaven's  first  accelerator  should  surpass  a 
billion  volts.  This  meant  that  it  had  to  be  a  proton 
synchrotron — a  machine  that  presented  many 
unsolved  problems.  All  of  this  was  veiy  exciting  for 
me  and  I  decided  to  leave  GE  and  get  in  on  the 
founding  of  the  new  Laboratory.  So  I  departed 
Schenectady  and  moved  to  Long  Island. 
Unfortunately  the  70  MeV  synchrotron  at  GE  wasn't 
finished  yet,  so  I  missed  the  first  eyeballing  of 
synchrotron  radiation. 

The  Cosmo tron,  as  we  named  our  prospective 
proton  synchrotron,  presented  rather  terrifying 
problems  associated  with  size  and  shape.  Electron 
synchrotrons  like  McMillan's  300  MeV  machine 
involved  relatively  small  magnets  arranged  around 
a  circular  oibit  about  six  feet  across.  His  vacuum 
chamber  was  a  toroid  with  an  aperture  of  a  couple  of 
inches  in  the  radial  direction  and  about  one  inch 
high.  But  our  energy  was  ten  times  higher — we 
chose  to  aim  for  three  billion  volts— and  protons  are 
not  bent  into  circular  orbits  as  easily  as  are  electrons; 
our  orbit  would  be  at  least  sixty  feet  in  diameter. 
How  much  space  needed  to  be  provided  in  the 
vacuum  chamber  for  proton  excursions  from  the 
equilibrium  orbit  restrained  only  by  weak  focusing? 
Remember,  strong  focusing  had  yet  to  be  invented. 

The  problem  of  aperture  also  was  faced  at 
Berkeley  at  Ernest  Lawrence's  Radiation 
Laboratory,  which  had  been  approved  at  the  same 
time  as  we  were  for  a  machine  twice  as  big  as  ours  to 
be  called  the  "Bevatron."  Estimates  of  necessary 
aperture  at  Berkeley  ran  from  one  by  four  feet  to  four 
by  fourteen  feet.  The  Bevatron  finally  was  built  so 
that  the  aperture  could  be  four  by  fourteen  feet,  but 
pole  pieces  could  be  inserted  if  it  turned  out  that  all 
that  space  wasn’t  needed.  As  a  check  on  these 
guesses,  they  built  a  quarter-scale  model  of  their 
machine  with  shutters  that  could  be  closed  down  to 
see  at  what  aperture  the  beam  disappeared. 

Our  approach  was  quite  different.  Our  little 
group  included  two  very  bright  young  theorists. 
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Ernest  Courant  and  Nelson  Blachman.  They  worked 
out  the  details  of  the  proton  orbits,  taking  into 
account  the  achievable  vacuum  and  all  effects  of 
component  misalignments,  and  concluded  that  a  gap 
nine  inches  high  and  thirty-six  inches  wide  would 
be  quite  adequate.  With  considerable  daring,  we 
decided  to  disregard  the  Berkeley  guesses  and  build 
as  we  were  told  by  Courant  and  Blachman.  After 
deep  thought,  I  proposed  the  magnet  structure  shown 


in  Fig.  1.  The  final  shape  of  the  gap  was  the  result 
of  magnet  model  measurements  and  many  hours  of 
tedious  calculation.  We  tried  to  get  help  from  a 
"computing  bureau"  in  New  York  that  consisted  of 
twenty  people  with  mechanical  adding  machines, 
but  they  were  virtually  useless  and  the  complex 
relaxation  calculations  of  field  patterns  in  the  end 
were  done  by  Hildred  Blewett. 


There  were  a  host  of  other  problems  to  be 
solved  in  the  first  proton  synchrotrons.  With 
injection  at  4  million  volts  from  High  Voltage 
Engineering's  first  Van  de  Graaff  machine,  the 
proton  velocity  is  less  than  one  tenth  of  the  final 
velocity — which  is  quite  close  to  the  velocity  of 
light.  So  the  radio  frequency  accelerating  field  must 
change  in  frequency  by  more  than  a  factor  of  ten  and 
the  accelerating  cavity  had  to  be  tuned  over  that 
range-  For  this  purpose,  we  introduced  to  the  United 
States  the  ferromagnetic  ferrites  that  had  just  been 
discovered  at  the  Philips  Laboratories  in  the 
Netherlands. 

We  wanted  very  badly  to  be  first  in  the 
world  to  a  billion  volts,  but  we  were  terrified  that 
the  mighty  Berkeley  powerhouse  of  talent  and 
experience  would  beat  us  to  it.  Then,  in  1949,  the 


Berkeley  quarter-scale  model  was  completed  and 
tests  on  it  showed  that  the  beam  was  lost  at  an 
aperture  larger  than  we  were  building  into  our  2000- 
ton  magnet.  Today  it  is  evident  that  the  model  did 
not  meet  the  mechanical  tolerances  that  we  built 
into  the  Cosmotron,  but  at  the  time  we  were  very 
scared. 

Then  Fortune  befriended  us.  At  Berkeley  and 
Livermore  a  huge,  very  secret  project  was  started 
aimed  at  production  of  fissionable  material  for  the 
national  defense  program.  The  whole  Bevatron  staff 
was  transferred  to  this  project  for  two  years  and  we 
were  given  the  chance  to  be  first  to  a  billion  volts. 
We  made  it  in  May  of  1952.  It  was  a  glorious  victory; 
it  was  indeed  a  critical  victory.  If  the  Cosmotron 
had  failed,  Brookhaven's  splendid  program  in  high 
energy  physics  might  never  have  been  started. 
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Consequently,  I  fed  that  the  Cosmotron  was  about 
the  most  important  project  in  my  career. 

That  summer  of  1952  we  heard  about  the 
organization  of  the  CERN  Laboratory,  to  be  a  new 
European  center  for  high-energy  physics.  They  were 
well  impressed  by  the  design  of  the  Cosmotron  and 
planned  to  build  a  scaled-up  version  of  our  machine 
to  reach  10  billion  volts.  We  learned  that  they 
would  visit  us  during  the  summer  of  1952  to  ask  our 
advice  about  a  variety  of  problems.  Livingston  was 
anxious  to  be  of  all  assistance  possible  and  he 
suggested  a  design  change  to  reach  higher  fields  in 
our  magnet.  The  Cosmotron  magnetic  held  pattern 
above  about  13  kilogauss  was  affected  by  saturation 
effects  so  that  the  field  gradient  increased  to  levels 
where  weak  focusing  was  no  longer  possible. 
Livingston  suggested  placing  some  magnet  returns 
outside  the  orbit  so  that  the  high  gradients  would 
average  out  to  the  low  gradient  required.  He  asked 
Ernest  Courant  to  analyze  the  effects  of  alternating 
gradients  on  the  orbits  and  to  Ernest's  surprise,  he 
found  that  the  focusing  was  much  improved  when 
the  gradients  were  such  as  alternately  to  focus  and 
defocus  the  beam.  The  higher  the  gradients,  the 
better  was  the  focusing  strength.  Hartland  Snyder 
came  by  and  reminded  us  of  the  optical  analog:  foe 
combination  of  a  focusing  lens  and  a  defocusing  lens  of 
equal  strength  is  focusing,  no  matter  which  comes 
first.  Thus  was  strong  focusing  bom.  Immediately  it 
was  evident  to  me  that  this  was  the  solution  to  the 
fundamentally  defocusing  accelerating  fields  in 
linear  accelerators.  All  that  is  necessary  is  to 
include  alternating  focusing  and  defocusing 
quadru poles — either  electrostatic  or  magnetic — and 
proton  or  ion  linear  accelerators  of  high  intensity 
become  possible.  Our  papers  on  the  strong  focusing 
synchrotron  and  focusing  in  linear  accelerators 
appeared  in  The  Physical  Review  in  December  of 
1952. 

The  visitors  from  CERN — Odd  Dahl,  Frank 
Goward  and  Rolf  Widerde — appeared  shortly  after 
this  discovery.  We  told  them  our  story;  they  lost  no 
time  in  abandoning  their  10-GeV  Cosmotron  and 
raised  their  sights  to  a  new  strong  focusing  machine 
in  the  energy  range  of  30  GeV — almost  exactly  the 
machine  which  we  now  had  in  mind.  Also,  they 
invited  Ernest  Courant,  Hildred  Blewett  and  me  to 
come  to  Europe  and  help  organize  CERN's  proton 
synchrotron  effort.  Hildred  and  I  accepted,  and 
early  in  1953  we  found  ourselves  located  in  Bergen, 
Norway  where  Odd  Dahl,  the  head  of  CERN's  PS 
group,  lived  as  head  of  the  Mikelsens  Institute.  We 
soon  made  friends  with  a  promising  young 
Norwegian  protege  of  Dahl’s — Kjell  Johnsen — and 
found  ourselves  established  in  the  Physics 
Department  of  Bergen  University.  They  had  just 
built  a  betatron  and  had  some  magnet  laminations 


left  over,  so  we  vary  quickly  built  a  small  model  of  a 
strong  focusing,  high-gradient  magnet  that  provided 
the  bass  for  the  first  CERN  magnet  design.  But  the 
most  important  project  we  undertook  for  CERN  was 
to  persuade  them  that  PS  design  projects  scattered 
all  over  Europe  would  make  no  real  progress  until  all 
were  assembled  in  Geneva,  the  final  site  of  CERN. 
In  September  of  1953  at  last  we  all  moved  to  Geneva. 
A  month  later  the  CERN  group  was  subjected  to  a 
public  examination  by  accelerator  experts  from  all 
over  the  world.  Though  suffering  from  beginners' 
terrors,  they  passed  the  examination  with  flying 
colors.  In  1954  we  came  home,  confident  that  CERN 
was  headed  for  a  brilliant  future.  We  indeed  were 
justified. 

I  note  in  passing  that  confidence  in  strong 
focusing  was  not  universal.  We,  CERN  and  Bob 
Wilson  at  Cornell  proceeded  with  strong  focusing 
machines.  But,  even  after  our  announcement  of  the 
new  method,  old  fashioned  weak  focusing  machines 
were  built  at  Argonne  (the  ZGS),  at  Princeton  (the 
Princeton-Penn  accelerator),  and  at  the  Rutherford 
Laboratory  (Nimrod). 

We  returned  to  find  Brookhaven's  AGS  well 
underway.  While  we  were  at  CERN,  BNL  had 
decided  to  build  an  "Electron  Analog"  to  test  our 
ability  to  pass  through  the  "phase  transition” — a 
sudden  phase  shift  that  hadn't  existed  in  the 
Cosmotron,  but  would  be  necessary  in  the  AGS.  I  took 
a  dim  view  of  this  project.  Kjell  Johnsen  had 
analyzed  the  problem  and  concluded  that  it  would 
be  easily  solved.  Anyway,  the  analog  worked  as 
Johnsen  had  predicted  and  people  no  longer  feared 
the  phase  transition. 

The  AGS  and  the  CERN  PS  worked  as 
expected  and,  indeed,  are  still  working  after  over  30 
years.  Meantime  a  group  of  us  turned  our  attention  to 
the  next  big  accelerator.  Official  Washington 
decided  that  this  was  to  be  for  200  GeV,  that  it  was 
to  be  designed  at  the  University  of  California,  that 
the  Atomic  Energy  Commission  would  conduct  a  ate 
search  and  that  Brookhaven  should  study  future 
machines  for  up  to  1000  GeV.  After  a  fair  amount  of 
administrative  foolishness  and  disagreement  within 
the  high  energy  physics  community,  the  Fermilab 
emerged  to  become  the  distinguished  center  that  it 
now  is. 

Meantime  at  Brookhaven,  Luke  Yuan  and  I 
organized  a  number  of  studies  of  "super  energy" 
machines  and  raised  questions  with  the  high  energy 
physics  community  about  what  they  wanted  in  the 
future.  In  1963  at  a  Brookhaven  summer  study,  we 
could  find  only  three  experts  who  favored  colliding 
beams.  Under  pressure  from  the  Columbia  group 
headed  by  Leon  Lederman,  it  was  decided  that 
colliding  beams  should  be  left  to  CERN. 
Brookhaven  should  concentrate  on  souping  up  the 


2549 


intensity  of  the  AGS  for  improved  studies  on 
neutrinos. 

Eventually,  we  came  to  a  design  for  a  new 
colliding  beam  machine,  known  as  ISABELLE — ISA 
for  "intersecting  storage  accelerators"  and  BELLE  for 
good  measure.  ISABELLE  lived  long  enough  for  us  to 
construct  a  two-mile  tunnel,  now  about  to  house 
RHIC,  a  heavy  ion  colliding  beam  ring.  I  think  it 
fair  to  suggest  that  ISABELLE  was  an  important 
stepping  stone  on  the  way  to  foe  SSC. 

During  President  Carter's  regime,  I 
organized  a  program  at  Brookhaven  for  development 
of  energy  sources,  but  eventually  I  found  my  way  bade 
to  accelerators  and  formed  an  alliance  with  Ken 
Green,  Rena  Chasman  and  Jules  Godel  to  start  a 
project  for  a  synchrotron  light  source  for  Brookhaven. 
By  now  it  had  become  evident  that  synchrotron 
radiation  could  be  useful  in  a  great  number  of  fields. 
The  pioneers  in  this  area  were  at  Cornell  and  at  the 
University  of  Wisconsin,  where  the  remains  of 
MURA  (Midwestern  Universities  Research 
Association)  had  refused  to  die  and  had  begun  to 
exploit  foe  radiation  from  one  of  MURA's  electron 
models.  Now  it  seemed  appropriate  for  Brookhaven 
to  provide  a  "National  Synchrotron  Light  Source."  I 
edited  the  proposal  and  Ken  and  Rena  provided  the 
basic  design.  We  were  quickly  approved  and,  as  I  am 


sure  you  know,  the  project  has  been  a  great  success 
with,  by  now,  over  two  thousand  users  from 
universities,  industry  and  other  institutions. 

Now,  light  sources  are  springing  up  world 
wide.  I  am  particularly  attached  to  a  13  GeV  ring 
in  Taiwan  having  been  a  member  of  its  Technical 
Review  Committee  since  1984.  It  is  a  beautiful 
machine  and  is  just  now  coming  into  operation.  Its 
staff  reminds  me  of  Cosmotron  days  when  a 
collection  of  beginners  gradually  turned  into 
professional  accelerator  builders. 

I  conclude  with  a  mention  of  a  graph  which  I 
evolved  around  1960  of  logarithm  of  achieved 
accelerator  energy  against  date.  This  proved  to  be  a 
reasonably  straight  line  indicating  an  increase  of 
energy  by  a  factor  of  ten  every  six  years.  Stan 
Livingston  and  I  wrote  a  book  about  accelerators  in 
1962  in  which  we  published  this  graph.  It  is 
interesting  to  see  how  this  plot  looks  at  present.  In 
adding  points  for  colliding  beams  I  use  the 
equivalent  energy  required  for  a  static  target.  The 
linearity  of  the  graph  persists  quite  nicely — still  a 
factor  of  ten  every  six  years.  Drawing  the  line  as 
carefully  as  I  can,  it  seems  to  predict  that  the  LHC 
will  be  completed  around  the  year  1998,  while  the 
SSC  is  not  due  until  the  year  2003. 
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Abstract 

We  describe  the  results  from  recent  experiments1  on  the 
plasma  beat  wave  accelerator  (PBWA)  scheme  at  UCLA.  A 
relativistic  electron  plasma  wave  (which  is  the  accelerating 
structure)  is  resonantly  excited  in  a  plasma  by  the  beating  of 
two  co-propogating  electromagnetic  waves  (obtained  from  a 
C02  laser  operating  simultaneously  on  two  wavelengths).  A 
2  MeV,  200  mA  (peak-current)  electron  beam,  roughly  1  nsec 
(FWHM)  in  duration  is  used  as  a  source  of  test  particles  for 
measuring  the  longitudinal  fields  of  the  plasma  wave  which 
itself  is  moving  with  a  relativistic  Loreniz  factor  of  about  34. 
Accelerated  electrons  are  energy-selected  with  an  imaging 
sector  magnet  and  detected  simultaneously  with  a  cloud 
chamber  and  surface  barrier  detectors.  Initial  experiments  show 
that  electrons  are  accelerated  up  to  20  MeV  over  roughly  1  cm 
(the  uniform  length  of  plasma)  indicating  an  gradient  of 
acceleration  of  more  than  1.8  GeV/m. 

INTRODUCTION 

In  the  last  3  or  10  years,  there  has  been  a  great  deal  of 
interest  in  advanced  accelerator  concepts.2  The  primary 
motivation  behind  this  research  is  to  increase  acceleration 
gradients  to  levels  beyond  the  «  100  MeV/m  limit  of 
conventional  if  technology.  Much  of  this  effort  has  been  in 
the  area  of  collective  acceleration  using  plasmas.3  Plasma 
technology  has  the  potential  fra  10-lOOx  higher  gradients  than 
state-of-the-art  rf  technology.  Fra  example,  for  a  working 


(eV/cm)  fra  ne  expressed  in  electrons/cm0.  This  gives  1  < 
Eaccei  <  10  GeV/m  fra  1015  <ne<  1017  cm*3  and  a  modest 
wave  amplitude  of  30%.  Potential  applications  of  this 
technology  are  in  compact  Ge V -scale  linacs  and  perhaps  more 
affordable  TeV-scale  linear  colliders.  This  paper  presents  some 
recent  experimental  results  on  one  such  plasma  accelerator 
concept,  namely  the  plasma  beat  wave  accelerator. 

PHYSICAL  MECHANISM 

The  accelerator  structure  in  the  plasma  beat  wave  scheme  is 
an  electron  plasma  wave  which  is  a  normal  mode  of  the 
plasma.  The  means  by  which  this  wave  is  excited  is 
illustrated  in  Fig.  1.  When  two  laser  beams  of  slightly 
different  frequency  are  propagating  together,  there  is 
constructive  mid  destructive  interference  of  their  transverse 
electric  Helds  forming  a  beat  envelope  as  shown  in  Fig.  1(a). 
In  this  case,  there  is  a  longitudinal  modulation  to  the  total 
field  intensity.  The  plasma  electrons  experience  a  force,  called 
the  ponderomotive  force,  which  is  proportional  to  the  gradient 
of  the  field  intensity  and  is  thus  directed  towards  the  local 
minima  of  the  beat-envelope  pattern.  This  tends  to  bunch  the 
electrons  into  the  minima  of  the  beat  envelope  (as  shown  in 
Fig.  1(b))  with  a  period  given  by  the  difference  wavenumber 
At.  As  the  beat  envelope  propagates  (to  the  right  in  Fig.  1), 
the  electrons  oscillate  longitudinally  at  the  difference  frequency 
Am.  Now,  because  the  plasma  ions  are  too  massive  to 
respond  to  the  beating  force,  they  do  not  move  and  so  the 
electrons  will  also  feel  a  restoring  force  due  to  the  space-charge 


Figure  1:  (a)  Interference  or  beat  pattern  formed  by  two  laser 
beams  of  slightly  different  frequencies,  (b)  Density  bunching 
caused  by  the  longitudinal  ponderomotive  force  from  the 
intensity  gradients  in  (a). 


plasma  density  of  ne  and  a  plasma  wave  amplitude  of  e,  the 
accelerating  electric  field  Eat**/  is  given  by  £<kc*/  ”  f0»«)1/2 


field  between  the  bunched  electrons  and  the  still  uniform  ions. 
The  plasma  frequency  mpe  is  the  natural  frequency  of  this 
mode  of  oscillation  (where  plasma  elections  are  displaced  from 
their  equilibrium  position).  If  the  plasma  density  and  thus  the 
plasma  frequency  is  chosen  such  that  <ope  =  Am,  then  the 
plasma  wave  will  grow  rapidly  with  time  until  a  nonlinear 
relativistic  saturation4  limits  the  amplitude  to  e  *  40% 
(typically)  for  our  experimental  parameters. 

Overview  of  experiment 

A  cartoon  of  the  top-view  of  the  experiment  is  shown  in  Fig. 
2.  The  two-frequency  laser  beam5  is  focused  into  a  vacuum 
chamber  filled  with  about  140  mT  of  hydrogen  gas.  The 
plasma  is  formed  by  laser-ionization  of  the  gas  through 
tunneling  ionization.6  Upon  full  ionization,  the  plasma  wave 
grows  up  and,  since  the  bunched  electrons  resemble  a  grating, 
the  wave  can  scatter  optical  beams,  thus  allowing  optical 
diagnostics  of  the  wave.  The  parameters  for  the  laser  and 
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ptasm^plasraa  wave  are  given  in  Table  1.  An  important  point 
to  note  is  that  the  Rayleigh  range  is  about  1  cm  and  this  will 
be  one  of  the  limiting  factors  in  die  experiment  The  electric 
Gelds  of  the  wave  are  probed  directly  by  injecting  electrons 
from  an  electron  linac.7  The  linac  parameters  are  also 
summarized  in  Table  1.  The  electrons  are  focused  through  a 
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Table  1:  Experimental  parameters  for  the  laser,  plasma, 

plasma  wave,  and  electron  injector, _ 

r*  Laser  I 


Cartoon  overview  of  the  main  experimental 


small  hole  drilled  in  the  large  CO2  loser  focusing  mirror, 
allowing  the  electrons  and  laser  to  propagate  collinearly  as  is 
necessary  for  the  experiment  The  electrons  are  focused  to  a 
spot  of  about  260  pm  diam  which  is  smaller  than  the  laser 
spot  allowing  good  coupling  of  the  electrons  to  the  plasma 
wave.  A  double-focusing  sector  magnet  selects  the  energy  of 
the  accelerated  elections  which  are  detected  by  the  electron 
diagnostics.  These  will  be  discussed  in  more  detail  in  a  later 


Source 
Wavelengths 
Energy  per  line  (typ.) 
Spot  radius  w0 
Rayleigh  range  2zq 
Electron  quiver  vei. 
Pulse  risetime 


CO2  laser 
10.591, 10.289pm 
60  J,  15  J 
150  pm 
1.3  cm 
0.17,0.07 
150  psec 


Plasma 

Source 

Tunnel  ionization 

Density 

8.6xl015cnr3 

Gas 

Hydrogen 

Plasma  period  Vp'1 

1.2  psec 

Plasma  wave  wavelength 

360  pm 

Lorentz  factor  yph 

34 

Accel,  gradient  for  1 1%  wave 

1  GeV/m 

Electrons 

Source 

RF  LINAC 

Energy 

2  MeV 

Peak  current 

200  mA 

Emittance 

6k  mm-mrad 

Focused  spot  radius 

130  pm 

RF  frequency 

9.3  GHz 

Micropulse  separation 

107  psec 

Electrons  per  micropulse 

1.7  xlO7 

Micropulse  length 

10  psec 
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Figure  3:  Bottom  graph  shows  a  calculation  of  the  plasma 
wave  amplitude  vs.  time  for  our  laser  parameters  and  the  laser 
rising  at  t=0  psec.  The  model  cannot  predict  what  happens  later 
in  time  due  to  ion  instabilities.  The  top  image  is  an  actual  streak 
of  Cherenkov  light  from  the  linac  electrons  with  the  same  time 
scale  as  the  graph. 


MODELING  OF  THE  EXPERIMENT 


time-dependent  density  one  thereby  calculates  can  be  inserted 
into  a  computation  of  the  plasma  wave  growth.  The  result  of 
such  a  modeling  is  shown  in  Fig.  3.  The  plasma  reaches  full 
ionization  at  best  locus  after  about  25  psec  into  the  150  psec 
rise  of  the  laser  pulse.  At  this  point,  the  plasma  wave  begins 
to  grow  until  relativistic  saturation  occurs  after  about  70  psec. 
This  particular  calculation  was  for  a ^  =  Aon.  If  one  sets  (Ope 
slightly  above  Aco,  the  relativistic  saturation  is  delayed  and  a 
peak  wave  amplitude  of  40%  can  be  expected.10 

The  timing  of  the  CO2  laser  and  the  1  nsec  FWHM  linac 
macropulse  is  set  to  within  ±100  psec.  However,  due  to  the 
technique  by  which  the  CO2  pulse  is  generated,  it  is  not 
possible  to  phase  the  exact  micropulse  timing  to  the  timing  of 
the  peak  fields  in  the  plasma  wave.  A  typical  streak  of  the 
electrons  (from  Cherenkov  light)  is  shown  in  the  image  above 
the  graph  in  Fig.  3.  One  can  see  that  there  will  be  roughly  a 
50%  probability  that  a  micropulse  will  interact  with  a  Geld  of 
at  least  half  the  maximum  fields  of  the  plasma  wave.  The 
probability  of  interacting  with  higher  and  higher  fields 
continues  to  drop  until  there  is  an  approximately  10%  chance 
of  a  micropulse  interacting  with  the  peak  plasma  wave  Gelds. 

DETAILED  EXPERIMENTAL  SETUP 


With  the  laser  parameters  listed  in  Table  1,  one  can  model  DETAILED  EXPERIMENTAL  SETUP 

the  experiment8  to  End  out  .what  sort  of  dynamics  to  expect  in  .  .  „  .  ,  .  , 

the  experiment  For  example,  the  plasma  formation  can  be  c.  AAmo*  v,ew  °f*e  experimental  setup  is  shown  in 

modeled  using  the  proven  tunneling  ionization  theory^  and  the  e  O2  aser  an  e  e  ec  ns  are  oc  in 
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the  plasma  which  is  located  at  the  center  of  a  cross  piece  in  the 
vacuum  chamber.  The  back-  and  forward-scattered  CO2  light 
as  well  as  the  Thomson  scattered  probe  beam  are  indicated  by 
arrows.  These  three  scattering  diagnostics  comprise  the  optical 
diagnostics  of  the  wave  amplitude  mentioned  earlier. 


Figure  4:  Detailed  view  of  the  experimental  setup. 


Injected  electrons  which  do  not  interact  with  the  plasma 
wave  follow  a  small-radius  trajectory  and  are  dumped  in  a 
plastic  beam  dump  as  shown  in  Fig.  4.  Electrons  which  are 
accelerated  follow  a  larger  radius  trajectory  and  are  detected  in 
one  of  the  electron  diagnostics:  a  silicon  surface  barrier 
detector  (SBD)  or  a  diffusion  cloud  chamber. 

The  SBD,  along  with  a  preamplifier,  produces  a  signal  of 
about  20  mV  per  electron  and  can  thus  easily  detect  single 
electrons.  It  also  has  the  advantage  of  providing  a  quantitative 
measurement  of  the  number  of  electrons  over  a  large  dynamic 
range  (by  changing  the  preamplifier  gain).  But  it  has  one 
major  disadvantage  and  that  is  its  sensitivity  to  x-rays.  In  fact, 
one  cannot  discern  the  difference  between  an  electron  signal  and 
an  x-ray  signal  except  through  the  statistics  of  many  data  shots 
and  null  tests.  For  the  experimental  setup  shown  in  Fig.  4, 
the  contribution  from  x-ray  noise  varies  from  about  30 
electrons  worth  of  signal  when  the  electron  spectrometer  is  set 
to  3.5  MeV  down  to  <  1  electron  worth  of  signal  when  the 
spectrometer  is  set  to  20  MeV. 

The  other  electron  detector  is  a  simple,  home-made 
diffusion  cloud  chamber1 1  which  uses  a  methanol  bath  at  dry 
ice  temperature  in  a  chamber  of  1  ATM  of  dry  air.  A  piece  of 
felt  wicks  the  methanol  up  to  the  top  of  the  chamber  and  the 
methanol  vapor  falls  back  into  the  bath,  going  through  a 
region  of  supersaturation.  The  electrons  ionize  the  air  and  the 
methanol  condenses  on  the  ions  along  the  electrons'  path.  The 
chamber  is  shielded  in  lead  and  surrounded  by  a  coil  which  can 
be  energized  to  provide  a  »  260  G  vertical  magnetic  field 
throughout  the  active  region  of  the  cloud  chamber.  The  tracks 
are  recorded  by  frame-grabbing  CCD  camera.  The  big 
advantage  of  the  cloud  chamber  aver  the  SBD  is  that  it  is 
essentially  immune  to  x-ray  noise.  Although  x-rays  do 


produce  some  ionization  of  the  gas  and  thus  visible  tracks,  the 
tracks  are  typically  short  and  kinked  as  they  are  due  to  low 
energy  (<S0  keV)  electrons  which  are  kicked  out  by  the  x-ray 
absorption  in  the  dry  air.  The  actual  signal  due  to  accelerated 
electrons  should  appear  quite  distinct  from  these  tracks.  They 
should  be  straight  tracks,  traversing  the  entire  field  of  view  of 
the  camera  and  they  should  appear  to  originate  form  the 
aperture  in  the  chamber. 

Experimental  results 

Null  tests 

Ideally,  the  presence  of  signals  on  the  two  electron 
detectors  should  only  occur  if  the  three  main  components  of 
the  experiment  are  present  These  are;  (1)  the  plasma,  (2)  the 
injected  electrons,  and  (3)  the  beat  wave.  If  any  of  these  are 
turned  off,  we  would  expect  that  there  would  be  no  signal  on 
the  electron  detectors  unless  some  other  physics  is  occurring 
besides  beat  wave  acceleration.  The  result  of  these  null  tests 
are  summarized  in  Table  2.  As  indicated  in  the  third  column, 
we  see  no  evidence  of  acceleration  by  the  laser  beam  itself,  of 
acceleration  of  non-injected  electrons  (from  for  example, 
instability-heated  electrons),  or  of  spontaneous  generation  of 
an  accelerating  structure  through  some  mechanism  other  than 
beat  wave  (as  in,  for  example,  Raman  forward  scattering). 

Cloud  chamber  data 

When  the  plasma,  external  electron  source,  and  two- 
frequency  laser  are  fired  up  simultaneously  in  about  140  mT  of 
hydrogen  gas,  tracks  are  observed  in  the  cloud  chamber  as  seen 
in  Fig.  5.  For  the  image  in  Fig.  5(a),  the  electron 
spectrometer  was  set  to  direct  5.2  MeV  electrons  into  the 
aperture  of  the  cloud  chamber  and  the  magnetic  field 
surrounding  the  cloud  chamber  was  off  The  tracks  have  the 
characteristics  of  high-energy  electrons  discussed  earlier,  that 
is,  straight  lines,  long  range,  and  directionality.  The  scatter  in 
the  angles  is  probably  dominated  by  scatter  in  the  25  pm 
Mylar  vacuum-exit  window  and  the  =  6  cm  of  1  ATM  air 
between  the  vacuum  window  and  the  beginning  of  the  field  of 
view.  Subsequent  calibrations  indicate  that  Fig.  5(a)  is 


Table  2:  Summary  of  the  key  null  tests  performed. 


Condition 

Result 

Conclusion 

Linac  &  2-frequency 
laser  but  no  plasma 
(chamber  evacuated). 

Only  usual* 
x-ray  noise. 

No  acceleration  by 
laser  only. 

2-frequency  laser  & 
plasma  but  no  linac 
(linac  beam  blocked). 

No  signal 
at  all*. 

No  trapping  of 
background 
plasma  electrons 
or  SRS-generated 
tail. 

Single-line  laser  & 
linac  &  plasma  (no 
second  frequency). 

Only  usual* 
x-ray  noise. 

No  substantial 
level  of  stimulated 
Raman  forward 
scattering. 

*  Usual  x-ray  noise  =  10  electrons  worth  of  signal. 

$  No  signal  =>  less  than  1  electrons  worth  of  signal. 
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composed  of  about  1(P  tracks.12  For  Fig.  5(b),  the  external 
magnetic  field  was  energized  causing  the  election  trajectories 
and  therefore  the  tracks  to  bead.  For  this  shot,  the  electron 
spectrometer  was  again  set  to  5.2  MeV  as  in  Fig.  5(a).  An 
image  with  a  small  number  of  tracks  was  chosen  in  order  to 
see  individual  tracks.  Three  theoretical  trajectories  calculated 
for  5.2  MeV  elections  are  overlaid  onto  this  image.  The  good 
agreement  indicates  that  the  elections  were  within  10%  of  5 
MeV;  i.e.,  2.5  times  higher  energy  than  the  injection  energy 
of  2  MeV. 
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Figure  5:  Images  of  tracks  in  cloud  chamber  with  the  electron 
spectrometer  set  to  send  5.2  MeV  electrons  into  the  aperture  of 
the  cloud  chamber,  (a)  No  external  magnetic  Field.  Relative 
location  of  the  aperture  is  shown,  (b)  With  260  G  external  field. 
Calculated  trajectories  are  overlaid  as  the  thin  white  curves. 


Surface  barrier  detector  data 

While  the  cloud  chamber  dramatically  confirms  the 
existence  of  accelerated  electrons,  it  is  not  a  very  quantitative 
diagnostic.  The  SBD,  however,  is  quantitative  since  the  signal 
level  is  directly  proportional  to  the  number  of  electrons 
striking  the  silicon  detector.  Figure  6  shows  the  SBD  signal 
vs.  fill  pressure  of  H2  gas  in  the  vacuum  chamber  for  a  variety 
of  electron  spectrometer  settings.  Since  we  expect  that  the  gas 
is  fully  ionized  and  since  the  heatwave  is  a  resonant 
phenomena,  we  can  predict  the  range  of  pressures  over  which  a 
substantial  level  of  plasma  wave  will  exist  This  is  shown  by 
the  hatched  bar  along  the  pressure  axis  near  135  mT. 
Experimentally,  we  find  that  we  must  overfill  the  chamber  by 


about  8%  or  so.  This  is  probably  due  to  hydrodynamic 
expansion  of  the  plasma  column  during  the  *100  psec  lime 
scale  of  the  interaction.  The  individual  points  on  Fig.  6  are 
single  laser  shots.  All  the  shots  which  show  electrons  signals 
above  the  x-ray  noise  (which  is  around  200-300  mV)  also 
show  evidence  for  a  large-amplitude  plasma  wave  on  the  three 
optical  diagnostics.8  Shots  with  small  electron  signals 
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Figure  6:  SBD  signal  vs.  vacuum-chamber  fill  pressure  for 
various  settings  of  the  electron  spectrometer.  The  open  points 
are  from  Detector  A  and  the  solid  point  is  from  a  calibration  of 
the  intensity  of  the  tracks  in  Fig.  5(a).  The  hatched  bar  is  the 
range  of  the  expected  resonance. 


near  140  mT  either  did  not  have  a  plasma  wave  (according  to 
the  optical  diagnostics)  due  to  lack  of  two  frequencies  in  the 
laser  or  they  did  have  a  plasma  wave  but  the  electrons  were 
unsynchronized  due  to  the  micropulse  structure  of  the  linac 
beam.  The  dam  in  Fig.  6  were  taken  with  the  experimental 
arrangement  of  Fig.  4  and  for  this  arrangement,  the  SBD 
detector  is  referred  to  Detector  A. 

Detector  A  is  limited  to  viewing  energies  below  9  MeV 
due  to  the  maximum  field  obtainable  in  the  electrons 
spectrometer.  To  extend  the  electron  energy  measurements  to 
energies  beyond  9  MeV,  a  new  port  was  added  to  the  electron 
spectrometer  at  about  5x  the  radius  of  curvature  shown  by  the 
long-dashed  curve  in  Fig.  4.  In  this  case,  two  SBD's  were 
collecting  data  for  each  shot:  Detector  B  at  the  low  energy 
position  and  Detector  C  at  the  high  energy  position.  A 
summary  of  the  number  of  detected  electrons  (SBD  signal  in 
mV  times  electrons/mV  sensitivity  of  the  detector/preamp 
combination,  corrected  for  any  limiting  lead  apertures  placed 
over  the  detectors)  vs.  the  energy  location  of  the  detectors. 
Although  this  data  was  accumulated  over  many  laser  shots,  we 
can  see  that  the  numbers  are  falling  off  rapidly  with  energy, 
going  out  to  20  MeV.  This  rapid  fall-off  with  energy  can  be 
expected  for  two  reasons.  First,  the  electrons  are  not  pre¬ 
bunched  and  therefore  occupy  all  phases  in  the  acceleration 
buckets.  Secondly,  energy-bunching  is  expected  to  occur  only 
for  longer  acceleration  lengths  where  transient  or  start-up  phase 
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slippage  is  not  important  In  this  experiment  however,  the 
electrons  execute  a  large  swing  in  phase  as  they  accelerate  from 
Ym  5  (well  below  the  Lorentz  hoar  for  the  wave,  Yptd  to  y- 
20  (slightly  above  jj*). 
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Figure  7:  Number  of  detected  electrons  vs.  energy  location  of 
the  detectors.  Data  is  from  many  shou.  Detectors  B  and  C  were 
on-line  together.  Triangle  point  is  from  a  gaseous  Cherenkov 
tube  coupled  to  a  photomultiplier. 


The  maximum  energy  seen  in  these  shots  was  20  MeV. 
This  is  an  energy  gain  of  18  MeV  over  the  nominal  1  cm  of 
interaction  length  which  corresponds  to  an  average  accelerating 
gradient  of  1.8  GeV/m.  From  the  engineering  formula  given 
in  the  introduction,  this  corresponds  to  a  wave  amplitude  of  e 
»  20%.  This  is  within  a  factor  of  two  of  the  best  one  would 
expect  for  our  experimental  parameters.  The  maximum  energy 
gain  may  be  limited  by  the  dynamics  discussed  in  connection 
with  Fig.  6. 


CONCLUSION 


To  summarize,  the  acceleration  of  an  externally  injected 
beam  of  electrons  in  a  relativistic  electron  plasma  wave  has 
been  demonstrated.  Acceleration  is  only  observed  when  the 
linac  injector,  the  two-frequency  laser,  and  the  plasma  are  all 
on  simultaneously.  The  numbers  of  accelerated  electrons  is 
correlated  with  independent  optical  diagnostics.  Energies  out 
to  20  MeV  have  been  observed  implying  an  average  gradient 
(over  -  1  cm)  of  about  1.8  GeV/m,  only  about  2  times  lower 
than  the  optimum  expected  for  our  experimental  parameters. 

To  conclude,  it  appears  that  the  plasma  beat  wave 
accelerator  concept  can  be  relied  upon  to  provide  energy  gains 
nearly  in  accordance  with  theory.  If  one  chooses  a  different 
parameter  space-for  example,  replacing  the  CO2  laser  with  a 
two-frequency  laser  operating  at  a  wavelengths  around  1  pm~ 
one  can  find  theoretical  energy  gains  of  several  hundred  MeV 


irom  gradients  approximately  lux  higher  than  demonstrated 
this  experiment.^  Such  an  experiment  would  essentially  be  1 
extension  of  the  current  CO2  laser  experiment  in  that 


requires  no  new  physics.  Thus,  with  today's  glass  laser 


technology,  one  could  envision  building  a  small  plasma 
accelerator  based  on  the  beat  wave  concept  which  would 
approach  the  GeV  energy  range. 
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Abstract 

The  peak  power  of  30TW  and  the  pulse  width  of  lps  pro¬ 
duced  by  the  Nd:glass  laser  system  is  capable  of  creating  a 
highly-ionized  plasma  of  a  moderate  density  gas  on  an  ul- 
irafast  time  scale  and  generating  a  large  amplitude  plasma 
wave  with  an  accelerating  gradient  of  the  order  of  GeV /m. 
We  are  going  to  demonstrate  particle  acceleration  inject¬ 
ing  electrons  of  a  few  MeV  emitted  from  a  solid  target  by 
intense  laser  irradiation. 

1  INTRODUCTION 

Recent  progress  in  ultrashort  super-intense  lasers  allows 
us  to  test  the  principle  of  the  Laser  Wakefield  Accelera¬ 
tor  (LWFA)  [1]  .  An  intense,  short  laser  pulse  with  peak 
power  of  30TW  and  pulse  width  of  lps  is  delivered  by  the 
Nd:glass  laser  system  GMII  in  Osaka  University.  This  laser 
achieves  1017-  10lsW/cm2  intensity,  strong  enough  to  cre¬ 
ate  a  fully-ionized  plasma  on  an  ultrafast  time  scale  by  the 
tunneling  ionization  process.  In  a  plasma  with  appropriate 
density,  a  large  amplitude  of  Wakefield  is  generated  behind 
the  laser  pulse  propagating  through  the  plasma  due  to  the 
ponderomotive  force.  The  phase  velocity  of  the  plasma 
wave  is  highly  relativistic  so  that  the  wakefield  can  accel¬ 
erate  charged  particles  trapped  by  the  plasma  oscillation. 

In  these  experiments,  a  chamber  is  filled  with  H2  or 
He  gas  beforehand,  whose  pressure  mates  with  the  opti¬ 
mum  plasma  density  for  acceleration  if  it  is  completely 
ionized.  Two  1.052/jm  Ndrglass  laser  beams  are  injected 
into  the  chamber.  One  with  200ps  duration  and  200GW 
peak  power  bombarded  a  solid  target  to  produce  test  elec¬ 
trons  whose  energy  ranges  to  the  order  of  MeV.  The  other, 
with  lps  duration  and  30TW  peak  power,  ionizes  the  gas 


and  excites  wakefields  in  the  resultant  plasma  in  synchro¬ 
nism  with  the  first  laser.  Energy  change  of  the  test  elec¬ 
trons  caused  by  the  wakefield  is  measured  by  an  energy 
analyzer. 

We  have  not  yet  conditioned  the  lps  laser  to  attain  the 
full  power.  Consequently,  no  conclusive  demonstration  of 
the  acceleration  has  not  yet  observed. 


2  THEORETICAL  PREDICTIONS 


We  assume  the  Gaussian  beam  optics,  in  which  the  laser 
beam  has  the  wavelength  A0,  the  peak  power  P,  the  radius 
u>o(z)  at  the  waist  and  the  vacuum  Rayleigh  length  zr. 
The  linear  model  with  an  unmagnetized,  cold  plasma  of 
classical  electrons  and  immobile  ions  gives  the  longitudinal 
wakefield  excited  by  the  Gaussian  laser  pulse  as[2] 


eEt 


mtc2e0  cos(kpz  -  u >pt) 

**[1  +  (*/*k)2] 


exp 


(- 


+  ( z/zr )2] 


)■ 
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with  the  vacuum  resistivity  fto  =  377ft,  the  plasma  fre¬ 
quency  up,  kp  =  Up/vp  with  a  phase  velocity  of  the  plasma 
wave  t ip,  and 


e0  = 


ft0P 

V*mlc4 
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where  ot  is  the  rms  pulse  length.  The  wakefield  is  maxi¬ 
mum  when  the  plasma  density  gives  the  relation  Ap  =  *• a, . 

The  maximum  energy  gained  by  an  electron  with  ve¬ 
locity  equal  to  the  phase  velocity  of  the  plasma  wave  is 
obtained  by  integrating  the  axial  wakefield  along  the  laser 
beam  axis, 


/oo 

Ez(z)dz  =  irmec2e0. 
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Figure  1:  Evolution  of  the  electron  density  ne,  the  density 
perturbation  n  and  the  axial  electric  field  Et  excited  by  a 
1  ps  Ndrglass  laser  pulse  of  the  peak  intensity  1018  W/cm2. 


Figure  2:  Experimental  layout  for  electron  acceleration. 


The  Ips,  30TW  laser  pulse  at  wavelength  Ao  =  1.052pm 
should  be  able  to  produce  the  maximum  energy  gain  of 
45MeV. 

The  trapping  condition  for  an  electron  with  energy  7 
and  velocity  0  =  v/c  is  given  by 


e£t/(mecwp)  >  7(1  -  0+0)  -  1/7*.  (4) 


where  0+  is  the  phase  velocity  of  the  plasma  wave  and  7* 
is  the  relativistic  factor  of  its  phase  velocity  defined  as 


The  trapping  and  the  acceleration  occur  at  the  waist  in 
the  Rayleigh  length.  The  minimum  threshold  kinetic  en¬ 
ergy  to  be  trapped  by  the  plasma  wake  is  about  40keV  for 
excitation  of  a  1018W/cm2  intensity. 

The  present  experiments  utilizes  the  ability  of  tunneling 
ionization  of  a  short  pulse  laser.  The  phenomenon  on  an 
ultrafast  time  scale  (<  lOfs)  is  distinct  when  the  intensity 
is  greater  than  1015W/cm2.  The  onset  of  tunneling  ioniza¬ 
tion  is  predicted  by  a  simple  Coulomb-barrier  model.  The 
threshold  intensity  [4]  for  the  production  of  charge  state  Z 
of  the  atom  or  ion  with  the  ionization  potential  £/,  is  given 
by 

/th  =  2.2x  1015Z-2(t/</27.21)4  W/cm2.  (6) 
The  ionization  rate  (5j  for  a  hydrogen  atom  is  given  by  , 


...  r10-87£au  11/2  ^.,1 

WH  =  1.61wu.  - ■= -  exp  -  — — 

EjQ  OtiQ 


2  £a 


E0 
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where  wB  U  is  the  atomic  unit  01  frequency(4.1  x  1016  s-1) 
and  £VU  is  the  atomic  field  strength  (5.1  x  109  V/cm). 

Fig.  1  depicts  the  evolution  of  electron  density  in  hydro¬ 
gen  plasma  with  initial  atomic  density  n 0  =  2.415  x  1015 


cm-3,  the  density  perturbation  and  the  axial  electric  field 
excited  by  a  1  ps  laser  pulse  with  the  peak  intensity 
/o  =  1018W/cm2. 

3  EXPERIMENTAL  APPARATUS 

The  chamber  is  filled  with  H2  or  He  gas  beforehand  with 
static  pressure  to  mate  with  the  optimum  plasma  density 
for  acceleration  when  completely  ionized.  It  is  also  possible 
to  feed  the  gas  pulsively  in  synchronous  with  the  laser 
pulse.  Two  1.052pm  Nd:glass  laser  beams  are  injected  into 
the  chamber.  One  bombards  a  solid  target  to  produce  test 
electrons  whose  energy  ranges  to  the  order  of  MeV.  The 
other  with  lps  duration  and  30TW  peak  power  ionizes 
the  gas  and  excites  wakefield  in  the  resultant  plasma  in 
synchronism  with  the  first  laser.  The  energy  change  of  the 
test  electrons  caused  by  the  wakefield  is  measured  by  an 
energy  analyzer. 

The  lasers  are  almost  linear  polarized.  They  are  pro¬ 
cessed  as  follows(3).  A  primary  Nd:YAG  laser  pulse  of 
130ps  duration  is  coupled  to  a  single  mode  fiber  of  1.85km 
in  length.  The  beam  is  split  into  two  at  the  exit  of  the 
fiber,  each  has  200ps  duration  and  1.8nm  bandwidth.  One 
is  amplified  and  used  for  the  electron  production.  The 
other  is  also  amplified  to  an  energy  of  41J  with  a  beam 
diameter  of  14cm,  and  it  is  finally  compressed  to  a  pulse 
width  of  lps  by  a  pair  of  gratings.  The  output  from  the 
compression  stage  is  focused  into  a  vacuum  chamber  con¬ 
taining  H2  or  He  gas  with  a  focal  spot  size  of  ~  100pm. 
Because  the  wavelength  for  maximum  gain  in  the  ampli¬ 
fiers  (1053nm)  is  different  from  the  central  wavelength  of 
the  charped  pulse(1052.3nm),  the  spectrum  of  each  of  the 
two  amplified  pulses  is  shifted  downwards. 

The  repetition  rate  of  the  laser  system  is  less  than  once 
per  hour.  The  pair  of  gratings,  a  focusing  lens  and  the  se¬ 
tups  of  Fig.  2  are  contained  in  the  chamber  and  evacuated 
to  ~  10-5torr.  The  laser  power  and  the  time  structure 
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can  be  measured  at  the  exit  of  the  plasma  chamber  by  a 
calorimeter  and  a  streak  camera  with  0.6ps  time  resolu¬ 
tion,  respectively.  In  the  course  of  optical  alignment  and 
timing  adjustment,  the  sourse  Nd:YAG  laser  is  used  at  the 
pulse  rate  of  5Hz.  The  alignment  used  a  metal  sphere  with 
a  radius  of  lOOpm,  which  was  placed  at  the  point  to  be  fo¬ 
cused  and  whose  image  was  observed  by  a  CCD  camera 
from  the  end  windows.  The  direction  and  the  position  of 
a  final  mirror  were  adjusted  so  that  the  sphere  hides  the 
laser  beam  completely. 

The  test  electrons  with  energy  satisfying  the  trapping 
condition  are  produced  by  irradiating  a  solid  target  by 
the  40J,  200ps  laser.  The  electron  production  may  be  ex¬ 
plained  by  the  Raman  instability  or  resonance  absorption 
of  the  laser  radi'ation[6].  In  order  to  inject  electrons  emit¬ 
ted  from  the  target  into  the  laser  wakefield  at  the  waist  of 
the  laser  beam,  a  dipole  magnet  is  used  to  select  the  elec¬ 
tron  energy  in  the  range  of  0.2  -  3MeV.  This  spectrograph 
is  placed  between  the  target  and  the  image  point  of  elec¬ 
trons,  as  shown  in  Fig.  2.  The  electrons  are  injected  along 
the  axis  of  the  main  laser  beam.  The  time  delay  between 
two  laser  beams  are  adjusted  by  the  optical  path  lengths 
of  two  laser  pulses.  It  takes  account  of  the  time-of-flight 
of  the  electrons,  which  amounts  to  1.8ns  for  electrons  of 
1.5MeV/c.  The  test  electrons  are  thus  selected  both  by 
the  spectrograph  and  the  time-of-flight. 

The  acceleration  occurs  at  the  waist  of  the  laser  beam 
characterized  by  a  Rayleigh  length  of  25mm  in  the  plasma 
chamber.  The  test  electrons  are  bent  by  an  angle  of  90° 
in  the  dipole  field  of  the  spectrometer  placed  in  the  exit  of 
the  plasma  chamber.  This  spectrometer  covers  the  energy 
range  of  10  —  45  MeV  at  the  dipole  field  of  4.3kG.  The 
electron  detector  is  an  array  of  32  scintillation  counters 
each  of  which  is  assembled  with  a  1cm  wide  scintillator 
and  a  1/2-in.  H3165  photomutiplier.  Shields  of  lead  blocks 
and  plates  were  necessary  to  reject  background  noise.  The 
pulse  heights  of  the  detector  array  are  measured  by  the  fast 
multichannel  CAMAC  ADCs  gated  in  coincidence  with  the 
laser  pulse.  The  energy  resolution  of  the  spectrometer  is 
1.3MeV  per  channel. 

4  EXPERIMENTAL  RESULTS 

No  conclusive  demonstration  of  the  acceleration  has  not 
yet  observed.  We  have  not  yet  transmitted  the  full  power 
of  the  lps  laser  to  the  plasma  chamber. 

As  the  target  to  produce  test  electro..j,  an  aluminum  rod 
and  a  gold  plate  were  tried,  but  no  substantial  difference 
was  found.  The  maximum  electron  energy  was  around 
IMeV.  The  increase  of  the  laser  energy  increased  not  the 
energy  but  the  number  of  electrons.  The  energy  spectrum 
of  test  electrons  from  the  aluminum  target  produced  by 
the  200ps,  25.9J  laser  beam  is  shown  in  Fig.  3. 

We  had  prepared  optical  plasma  diagnostics  to  measure 
t  he  plasma  density,  the  Stark  broadening[7],  the  blueshift- 
ing  of  the  incident  laser  spectrum[8],  etc..  However,  suffi¬ 
cient  light  intensity  for  such  diagnostics  has  not  obtained 


Figure  3:  Energy  spectrum  of  test  electrons. 

from  the  plasma.  We  have  to  calculate  the  plasma  density 
from  the  gas  pressure  at  the  present. 

We  have  tried  acceleration  experiments  using  the  lps 
laser  beam  with  power  less  than  5TW.  It  is  found  that  the 
energy  spectra  of  electrons  are  certainly  different  with  and 
without  the  existence  of  the  test  electrons;  i.e.,  with  and 
without  the  operation  of  the  200ps  laser.  However,  because 
of  the  poor  signal-to-noise  ratio  of  the  energy  spectra,  we 
refrain  from  publishing  the  results.  The  ratio  has  been  pre¬ 
dicted  by  the  simulation  which  numerically  integrates  the 
two-dimensional  equation  of  motion.  It  gives  the  probabil¬ 
ity  of  the  electron  trapping  in  this  range  of  laser  power  to 
be  <  10~4.  We  expect  that  the  lps  laser  with  the  designed 
power  will  give  clear  results. 
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Abstract 

We  have  proposed  that  a  new  type  of  microwave 
resonator,  baaed  on  Photonic  Band  Gap  (PBG)  structures,  may 
be  particularly  useful  for  high  energy  accelerators.  We 
provide  an  explanation  of  the  PBG  concept  and  present  data 
which  illustrate  some  of  the  special  properties  associated  with 
such  structures.  Further  evaluation  of  the  utility  of  PBG 
resonators  requires  laboratory  testing  of  model  structures  at 
cryogenic  temperatures,  and  at  high  fields.  We  provide  a  brief 
discussion  of  our  test  program,  which  is  currently  in  progress. 


I.  INTRODUCTION 

The  use  of  high  Q  cavity  resonators  has  become  an 
integral  part  of  the  accelerator  technology  applicable  to 
present  and  future  experiments  in  high  energy  particle 
physics.  Currently,  the  resonators  in  use  or  under 
construction,  are  based  on  geometric  structures  where  the 
nomud  modes  are  readily  understood  as  a  consequence  of  die 
electric  field  satisfying  the  boundary  conditions  imposed  by 
the  metal  walls  of  the  cavity.  The  nature  of  both  the 
fundamental  and  higher  order  modes  can  often  be 
qualitatively  visualized,  even  though  accurate  evaluation  of 
the  mode  frequencies  may  be  numerically  demanding.  In 
contrast,  the  resonant  cavities  that  we  have  proposed  for 
potential  use  in  a  future  generation  of  accelerators  are  based 
on  what  has  been  termed  Photonic  Band  Gap  (PBG) 
structures,  and  they  are  sufficiently  different  from  both  the 
traditional  metal  walled  cavities  or  the  diverse  types  of 
dielectric  resonators,  that  they  have  to  be  analyzed  and 
evaluated  in  their  own  right.  Because  the  criteria  for 
establishing  the  resonant  modes  in  a  PBG  structure  are  so 
different,  they  (presently)  cannot  be  designed  or  evaluated 
with  the  level  of  intuition  normally  applicable  to  the 
traditional  cavity  designs.  Indeed,  the  difference  in  mode 
densities  may  be  one  of  the  principal  advantages  of  PBG 
structures,  with  the  possibility,  for  example,  of  designs  that 
have  negligible  or  even  no  higher  order  modes. 

In  this  paper,  for  the  convenience  of  the  reader,  we 
present  a  physical  explanation  of  the  PBG  structure  and  its 
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key  properties,  followed  by  illustrative  data  and  numerical 
simulations.  We  conclude  with  a  brief  discussion  of  a  typical 
configuration  for  a  PBG  cavity  suitable  for  an  accelerator, 
and  an  outline  of  our  test  program.  We  have  presented  a  more 
detailed  introduction  to  the  idea  of  utilizing  PBG  structures  as 
accelerator  cavities  [1].  We  refer  the  reader  to  several  prior 
articles  that  may  also  be  specifically  useful  [2,3]- 


n.  A  PHYSICAL  EXPLANATION  OF  TOE  PBG 
RESONATOR 

The  principal  component  of  a  PBG  resonator  is  a 
photonic  lattice;  that  is,  a  configuration  which  has  a 
periodically  varying  dielectric  constant  in  at  least  one 
direction,  and  is  uniform  in  all  other  potential  directions.  We 
define  the  dimension  of  the  PBG  element  as  the  number  of 
directions  in  which  the  dielectric  function  varies  periodically. 
A  1-D  PBG  structure,  for  example,  could  be  a  waveguide 
filled  with  a  set  of  dielectric  slabs  periodically  spaced  along 
its  length.  A  2-D  PBG  system  could  be  a  lattice  of  very  long 
parallel  dielectric  rods.  A  3-D  PBG  structure  could  be 
composed  of  dielectric  scatterers  placed,  for  example,  on  a 
diamond  lattice.4  The  dimension  of  die  photonic  lattice 
plays  an  important  role  in  determining  the  electromagnetic 
mode  characteristics  of  the  PBG  resonator. 

Any  actual  PBG  resonator  will  contain  a  dielectric 
lattice  terminated  in  some  way  (e.g.,  conducting  walls  or 
absorber).  While  it  is  difficult  to  strive  the  general  boundary 
value  problem.  Maxwell’s  equations  for  an  infinite  periodic 
dielectric  lattice  can  be  strived  numerically  with  relative  ease, 
and  the  solutions  obtained  reflect  the  dominant  properties  of 
any  significantly  large,  but  finite,  section  of  such  material. 
The  essential  characteristic  of  a  periodically  varying 
dielectric  medium,  common  to  any  dimension,  is  that  regions 
of  frequency  exist  for  which  no  propagating  modes  are 
present  for  waves  traveling  in  a  particular  set  of  directions  in 
the  lattice.  These  frequency  regions  are  called  band  gaps.  In 
general,  one  finds  band  gaps  for  every  direction  of 
propagation  for  which  there  is  periodic  modulation  of  the 
dielectric  constant.  However,  if  there  is  a  frequency  region 
where  these  band  gaps  overlap  for  all  the  possible 
propagation  directions,  then  the  system  is  said  to  possess  a 
complete  photonic  (i.e.,  electromagnetic  wave)  band  gap.  In 
1-D  some  complete  band  gaps  are  guaranteed  for  any 
periodicity  in  the  dielectric  constant,  since  there  is  only  one 
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direction  of  propagation,  In  higher  dimensions,  whether  or 
not  a  complete  PBG  exists  depends  on  the  type  of  lattice, 
fitting  factor,  dielectric  mismatch,  and  scalterer  structure. 

Once  we  have  identified  an  infinite  dielectric  lattice 
with  a  complete  PBG,  we  may  then  ask  how  a  finite  section 
of  such  a  lattice  will  behave.  Rather  than  having  absolute 
forbidden  frequency  regions,  a  finite  lattice  will  now  have 
modes  in  the  band  gap  region  which  grow  or  decay  in  some 
direction  with  exponential  dependence.  As  a  practical 
example,  if  we  imagine  varying  die  frequency  of  a  wave 
incident  on  a  lattice  and  measuring  the  power  which  is 
transmitted,  we  would  find  regions  of  nearly  perfect 
transmittance,  usually  designated  as  bands,  separated  by 
regions  of  strong  attenuation  corresponding  to  the  bond  gaps. 
If  we  are  to  apply  the  solutions  obtained  from  the  infinite 
lattice  to  a  finite  lattice,  we  require  that  the  length  scale  of 
that  lattice  be  at  least  several  times  larger  than  the  hugest 
attenuation  length  in  the  lattice. 

Having  defined  a  PBG  structure,  how  can  it  be  useful 
for  devices  requiring  a  cavity-like  resonance?  Let  us  now 
restrict  our  discussion  to  a  specific  2-D  geometry.  Our  PBG 
structure  simply  consists  of  a  periodic  array  of  dielectric 
cylinders,  with  the  axes  of  the  cylinders  perpendicular  to  a 
pair  of  bounding  conducting  plates  on  top  and  bottom.  This 
configuration  may  be  tested  (either  in  the  laboratory  or  via 
numerical  simulation)  and  it  is  found  that  indeed  there  are 
regions  of  frequencies  for  which  the  transmission  through  a 
finite  length  of  the  structure  is  exponentially  attenuated  lor 
waves  incident  from  any  direction.  We  will  see  later  that  it  is 
quite  practical  to  find  such  configurations  far  2-D  systems  at 
microwave  frequencies,  and  that  the  characteristic 
attenuation  lengths  can  be  comparable  to  the  lattice  constant 

We  now  consider  a  sample  of  the  structure  that  is 
made  with  any  circumferential  geometry,  as  long  as  the 
distance  from  boundary  to  center  is  many  times  the  value  of 
the  longest  attenuation  length  for  the  frequency  range  of 
interest  One  can  make  a  perturbation  to  the  dielectric  region 
near  the  center  of  this  lattice,  and  arrange  to  couple  energy 
into  that  region  via  a  small  probe  placed  in  a  hole  drilled 
through  one  of  the  metal  plates  above  the  perturbed  site.  We 
know  that  no  energy  radiating  from  the  probe  will  propagate 
radially  outward,  because  waves  in  all  directions  are 
exponentially  attenuated  for  frequencies  within  a  complete 
PBG.  Thus,  in  general,  the  energy  incident  via  the  probe  will 
be  fully  reflected.  However,  if  the  perturbation  to  the 
dielectric  is  strong  enough,  it  may  be  possible  that  for  some 
frequency,  occurring  within  the  PBG  region,  the 
electromagnetic  fields  may  just  match  onto  the  exponentially 
decaying  waves  perfectly,  for  all  directions,  and  constitute  a 
resonant  mode  of  that  system.  Indeed,  we  find  that  we  can 
make  configurations  with  the  properties  just  described.  The 
perturbation  is  termed  a  "defect”,  and  the  resonant  mode  is  a 
defect  mode.  In  this  special  circumstance  we  would  find 
that  energy  can  be  coupled  into  the  "cavity"  where  the 
electromagnetic  fields  corresponding  to  that  mode  will  build 
up  until  the  losses  equal  the  incident  power  flow.  As  it  turns 
out,  completely  removing  a  cylinder  from  an  otherwise 


periodic  lattice,  often  produces  a  defect  mode  with  the  desired 
properties. 

To  utilize  the  preceding  type  of  resonance  to 
accelerate  an  electron  beam  we  consider  modes  where  the 
electric  rf  field  is  everywhere  normal  to  the  metal  plates 
with  a  maximum  at  the  center  (i.e.  a  monopole  character). 
The  bunched  electron  beam,  suitably  phased,  would  enter  via 
a  hole  in  one  plate,  and  emerge  with  increased  energy 
through  a  similar  hole  in  the  other  plate.  As  with  other  types 
of  resonant  cavities,  there  would  have  to  be  provisions  for 
coupling  drive  power  into  a  cavity,  which  in  turn  could  feed 
many  other  resonant  cavities  all  at  the  same  frequency,  and 
suitably  coupled  by  adjustments  to  the  intercavity  apertures. 
An  illustration  of  a  possible  3  section,  2x  accelerator 
modular  unit  based  on  a  triangular  periodic  lattice  is 
presented  in  Figure  1.  As  we  shall  discuss,  the  triangular 
lattice  appears  to  be  particularly  advantageous  as  a  PBG- 
defect  resonant  cavity  for  accelerator  applications. 

High  Dielectric 


Figure  1.  A  schematic  view  of  the  proposed  2x 
accelerator  unit  In  this  example  the  unit  consists  of  three 
triangular  photonic  lattices,  separated  by  superconducting 
sheets.  Each  of  die  lattices  has  a  cylinder  removed  to  allow 
the  formation  of  a  defect  mode  with  an  electric  field 
maximum  in  the  center.  Holes  drilled  through  the  conducting 
plates  would  allow  a  particle  beam  to  be  accelerated  through 
the  unit 

m.  NUMERICAL  SIMULATIONS  AND 
ILLUSTRATIVE  EXPERIMENTS 

As  a  first  approach  to  designing  a  potential  PBG 
accelerator  cavity,  we  need  to  determine  whether  the  structure 
has  complete  photonic  band  gaps.  This  information  can  be 
found  by  computing  what  has  come  to  be  termed  the  photonic 
band  structure.  Since  we  are  concerned  with  2-D 
configurations,  and  we  wish  to  accelerate  particles  from  one 
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plate  to  the  ant,  we  restrict  oar  attention  to  modes  in  which 
the  electric  fields  are  polarized  along  the  cylinder  axes  (TM 
modes).  Thus,  the  wave  equation  we  solve  reduces  to: 

V*(x)«-£e(x)E(x)  (1) 

where  the  dielectric  function  satisfies 

e(x+d)-e(x)  (2) 

The  vector  d  is  any  primitive  lattice  vector.  The  methods  for 
solving  Eq.  (1)  are  wen-known  [1-5];  the  solutions  are  Bloch 
waves,  which  have  the  form 

B(x)  =  Uj(x)^4  (3) 

where  u^x+dWu^x).  The  vector  k  indexes  solutions, 
and  is  referred  to  as  the  wave  vector.  For  each  value  of  k 
there  is  a  discrete  set  of  solutions  with  a  discrete  set  of 
frequencies  {(Dnfk)}.  The  solutions  for  a  given  n  are 
continuous  as  a  function  of  the  wave  vector,  fanning  sheets  in 
reciprocal  space.  These  sheets  are  known  as  bands,  and  n,  the 
band  index,  refers  to  a  given  sheet  The  bands,  due  the 
periodicity  of  the  lattice  m  coordinate  space,  are  also  periodic 
in  reciprocal  space;  it  is  thus  sufficient  to  view  the  solutions  in 
a  restricted  region  of  reciprocal  space  called  the  Brillouin 
Zone  (BZ).  Because  the  real  lattice  has  fourfold  rotational 
and  reflection  symmetries,  only  the  solutions  far  a  single 
octant  of  the  square  BZ  are  unique.  A  plot  of  the  mode 
frequencies  (otnfk)}  corresponding  to  lattice  vectors  along 
the  boundary  of  the  BZ  comprises  the  photonic  band  structure. 
The  Brillouin  Zones  and  band  structures  for  lattices  with  other 
symmetries  can  be  similarly  defined. 

When  we  calculate  the  band  structure  for  a  given 
lattice  configuration,  we  expect  to  leant  at  what  frequencies 
complete  band  gaps  occur,  and  how  large  the  band  gaps  are. 
An  example  of  a  photonic  bond  structure  calculation  is  shown 
in  Figure  2,  where  we  find  three  band  gaps  in  the  spectrum 
within  the  lowest  fourteen  bands.  We  and  others  [5,6]  have 
systematically  studied  the  behavior  of  band  gaps  for  2-D 
lattices  over  a  large  variation  of  dielectric  constants  and  filling 
factors,  and  for  a  variety  of  lattice  types.  The  lattice 
configurations  include  the  square  and  triangular  lattices  with 
dielectric  cylinders  at  the  lattice  sites,  as  well  as  the  inverse 
cases  of  dielectric  hosts  with  botes  (e=l)  at  the  lattice  sites. 

Experimental  confirmation  of  photonic  band  gaps  can 
be  readily  obtained  through  transmission  experiments.  As 
discussed  above,  waves  incident  on  a  photonic  lattice  with 
frequencies  corresponding  to  the  band  gap  region  of  the 
lattice,  decay  into  the  lattice  with  exponential  dependence. 
Thus,  band  gaps  in  the  band  structure  will  be  manifest  as 
regions  of  attenuation  in  a  transmission  measurement  A 
schematic  diagram  of  our  test  apparatus  is  found  in  reference 
[3].  We  are  able  to  make  simple  transmission  measurements 
with  the  equipment,  as  well  as  make  measurements  of  the 
electric  energy  density  of  standing  wave  modes.  In  Figure  3 
we  present  die  transmission  spectrum  through  a  square  lattice 


Figure  2.  The  photonic  bandstructure  for  the  square 
lattice  of  cylinders  with  dielectric  constant  e=9.  The  lattice 
cylinder  diameter  is  1  cm,  and  the  lattice  spacing  is  1.27  cm. 
The  three  band  gaps  are  indicated  by  the  shaded  area. 

along  the  (10)  direction.  The  sample  was  a  7  X  19  array  of 
cylinders,  with  dielectric  constant  e=9,  set  in  a  precision 
drilled  Styrofoam  template.  Microwave  absorber  was  placed 
surrounding  the  scattering  region,  which  minimized  reflection 
back  into  the  lattice.  Note  the  sharp  attenuation  at  frequencies 
corresponding  to  the  gap  region  in  the  calculated 
bandstructure  of  Figure  2.  The  transmittance  is  reduced  by 
over  40  dB,  and  has  reached  the  noise  floor  of  the  microwave 
sweeper  (a  Hewlett-Packard  87 56 A  scalar  network  analyzer). 
The  configuration  used  for  Figure  3  also  had  one  central 
cylinder  removed.  Note  the  appearance  of  the  sharp 
resonance  in  the  gap,  corresponding  to  the  resonant  defect 
mode. 

In  Figure  4  we  present  a  detailed  mapping  of  the 
electric  energy  density  (eE^)  as  a  function  of  the  distance 
around  a  removed  cylinder  from  a  square  lattice.  The  mode 
corresponds  to  a  resonance  similar  to  the  one  shown  in  Figure 
3,  except  the  lattice  spacing  is  1.33  cm.  The  defect  mode 
shown  is  a  monopole  mode  (antinode  in  the  center),  has  the 
four  fold  symmetry  of  the  lattice,  and  is  well  localized.  The 
fields  decay  most  gradually  along  the  (10)  and  related 
symmetry  directions.  A  plot  along  a  cut  in  these  directions 
logarithmically  revealed  the  1/e  decay  length  to  be 
approximately  0.6  lattice  constants.  We  will  compare  this 
value  with  numerical  simulations  in  Section  IV. 

IV  COMPLEX  BANDSTRUCTURE 

In  addition  to  the  Bloch  type  of  solutions  with  real 
wave  vector  k,  the  wave  equation  also  has  solutions  with  real 
frequency  corresponding  to  complex  values  of  k.  These 
solutions  will  exist  only  when  the  periodicity  of  the  lattice  is 
broken,  for  example  at  a  surface  or  defect.  The  analytic 


2561 


Frequency  (GHz) 


Figure  3.  Transmittance  vs.  frequency  of  microwaves  through 
a  square  lattice  of  7  x  19  cylinders.  The  cylinders  have  radius 
3=1  cm.  and  lattice  constant  d=1.27  cm  (0.5”).  The  dielectric 
constant  of  the  cylinders  is  e-9.  The  gap  which  is  shown 
corresponds  to  the  second  photonic  band  gap  in  Figure  2.  The 
sharp  spike  in  the  band  gap  occurs  only  after  a  single  central 
cylinder  is  removed  and  is  the  resonance  of  interest. 

properties  of  the  solutions  to  the  Scrodinger  equation  with  a 
periodic  potential  have  been  rather  thoroughly  analysed  [7]. 
For  illustration  we  restrict  the  propagation  vector  to  lie  along 
the  (10)  direction  of  the  lattice.  In  Figure  S  we  present  the 
calculated  complex  bandstructure  for  the  (10)  direction  of  a 
square  lattice.  The  dimensions  of  the  lattice  we  the  same  as 
the  lattice  used  to  make  die  defect  mode  in  Figure  4.  Real 
frequency  lines  with  complex  k  must  either  form  loops 


Figure  4.  A  spatial  map  of  the  electric  energy  density  of  a 
defect  mode  corresponding  to  the  resonance  shown  in  the 
band  gap  in  Figure  3.  All  parameters  of  the  lattice  are  the 
same  as  those  for  Figure  3,  except  for  the  lattice  constant 
which  in  this  case  was  d  =  1.33  cm. 


frequency;  the  collection  of  these  real  frequency  lines  form 
paths  which  wind  their  way  through  the  bandstructure.  If  we 
select  any  given  frequency,  we  find  each  path  gives  us  no 
more  than  ooe  solution  at  that  frequency. 

The  complex  bandstructure  provides  us  with 
relatively  quick  insight  which  can  be  useful  in  many 
instances.  As  an  example,  when  we  consider  a  lattice 
geometry  for  possible  use  as  a  PBG  structure,  we  can  find 
from  the  complex  bandstructure  not  only  the  .size  of  the  gaps, 
but  also  the  attenuation  length  of  the  given  gap.  The  longest 
attenuation  length  available  to  the  system  will  dictate  the 
minimum  lateral  dimension  of  the  structure;  parameters  can 
thus  be  roughly  optimized  to  find  a  smallest  structure.  Note 
that  in  the  second  gap  there  are  three  real  frequency  paths 
shown  with  imaginary  k  (there  are,  of  course,  infinitely  many 
solutions  with  imaginary  k  at  any  frequency);  however,  the 
smallest  imaginary  k  has  a  mid-gap  value  of  0.83, 
corresponding  to  a  field  decay  length  of  X»1.21  lattice 
constants.  This  is  in  good  agreement  with  the  power  decay 
length  of  0.6  lattice  constant  along  the  (10)  direction  of  the 
defect  mode,  measured  from  the  experimental  data  above. 
While  the  complex  bandstructure  is  important  far  insight  and 
for  certain  calculations  such  as  surface  modes  and 
transmission  spectrum*,  it  is  necessary  to  perform  a  complete 
calculation  to  verily  the  existence  of  a  desired  defect  mode, 
and  then  to  evaluate  near  field  shape,  symmetry,  etc.,  of  the 


Figure  3.  Complex  band  structure  for  the  (10) 
direction.  The  parameters  for  this  calculation  match  those 
used  for  the  lattice  used  in  Figure  4.  The  solid  lines  ’  ''ween  r 
and  X  correspond  to  pure  traveling  waves.  The  dot;  1  lines 
on  either  side  of  that  region  correspond  to  the  ima^-vy  (Le., 
attenuative)  part  of  the  complex  wave  vector. 

mode.  Calculations  such  as  these  have  been  successfully 
carried  out  with  very  good  accuracy  for  both  two-  and  three- 
dimensional  structures  [8]. 


connecting  ooe  band  to  another,  or  must  come  up  from  minus 
infinity  and  connect  to  a  band.  The  trajectory  of  any  given 
real  frequency  line  must  increase  monotonically  with 
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V.  DISCUSSION  AND  FUTURE  EXPERIMENTS 

Extensive  numerical  simulation  studies  are  required 
to  design  an  optimum  PBG  resonant  structure.  An  important 
criterion  will  be  to  find  a  structure  that  has  no  resonant  higher 
order  modes.  As  another  example,  we  find  that  the 
exponential  decay  of  the  fields  for  a  triangular  lattice  can  be 
-30%  faster  than  that  of  the  square  lattice  with  similar 
parameters,  this  in  turn  means  that  one  can  have  a  smaller 
physical  structure  for  a  given  design  value  of  unloaded  Q  (The 
periphery  of  a  PBG  resonator  has  absorber  so  as  to  reduce  the 
Q  of  all  other  frequencies,  and  this  in  turn  means  that  the 
unloaded  Q  will  be  set  by  the  net  Poynting  energy  flow  to  the 
periphery  of  the  finite  PBG  lattice).  Using  superconducting 
niobium  plates  and  high  purity  sapphire  for  the  dielectric 
cylinders,  we  can  expect  to  achieve  intrinsic  unloaded  Q 
values  of  >109.  While  such  high  unloaded  Q  values  are 
required  for  the  regions  cooled  to  liquid  helium  temperature, 
we  note  that  the  loaded  Q  for  other  superconducting  designs  is 
typically  only  -106.  For  the  structures  discussed,  we  can 
expect  to  reach  such  Q  values  with  a  radius  of  <10  lattice 
constants. 

Our  immediate  experimental  program  is  to  determine 
several  key  properties  via  measurements  in  a  cryogenic 
apparatus.  These  include  the  demonstration  of  unloaded  Q 
>109,  operation  at  high  gradients  (>10  MV/m),  and  an 
investigation  of  the  frequency  stability,  tunability,  intercavity 
coupling,  and  external  power  coupling.  One  may  expect 
particular  difficulties  due  to  dielectric  breakdown  at  high  field 
strengths.  Once  the  cryogenic  tests  are  successful,  we  plan  to 
place  a  modest  multi-cavity  unit  an  a  beam  line  and  determine 
for  the  presently  available  superconducting  cavities. 
However,  we  feel  this  effort  is  particularly  worthwhile 
because  the  properties  of  PBG  structures  are  so  very  different 
the  limitations  set  by  multipaction,  charging,  etc.  Clearly 


there  are  formidable  problems  to  be  investigated  and  solved  in 
order  to  make  PBG  resonant  structures  a  practical  replacement 
than  those  of  the  usual  resonant  cavities.  We  suggest  that 
other  interesting  applications  may  arise,  particularly  as  the 
special  features  of  PBG  structures  and  resonators  become 
frilly  appreciated. 
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Abstract 

The  inverse  Cerenkov  acceleration  (ICA) 
experiment  is  being  performed  on  the  Accelerator 
Test  Facility  (ATF)  located  at  Brookhaven 
National  Laboratory.  This  facility  presently 
features  a  50  MeV  e-beam  and  a  ~10  GW  peak 
power  CO2  laser-  In  the  experiment  1.7  atm  of  H2 
gas  is  used  to  slow  the  phase  velocity  of  the  light 
wave  to  match  the  electron  velocity.  The 

Cerenkov  angle  is  20  mrad  and  the  interaction 
length  is  20  cm.  A  peak  energy  gain  of  ~12  MeV 
is  predicted  assuming  5-GW  of  laser  peak  power 
delivered  to  the  interaction  region.  An  update  of 
the  experiment’s  progress  is  presented. 

L  INTRODUCTION 


the  velocity  of  light.  This  arrangement  has  sev¬ 
eral  advantages  over  the  earlier  Stanford  experi¬ 
ment  [2].  The  ATF  CO2  laser  has  >150  times 
higher  peak  power  than  the  Stanford  laser.  This 
will  result  in  over  10  times  more  energy  gain  than 
the  Stanford  experiment 


RADIALLY  POLARIZED 
LASER  BEAM 


The  Accelerator  Test  Facility  (ATF)  has 
been  constructed  at  Brookhaven  National 
Laboratory  and  is  available  for  laser  acceleration 
experiments.  This  new  facility  features  a  50-MeV 
linac  and  a  high  peak  power  (~10  GW)  CO2  laser. 

The  inverse  Cerenkov  acceleration  (ICA) 
experiment  will  be  the  first  laser  acceleration 
experiment  to  use  the  new  facility. 

ICA  was  first  demonstrated  at  Stanford 
University  in  1981  [1J.  The  ATF  ICA  experiment 
will  be  investigating  an  improved  configuration 
developed  by  Fontana  and  Pantell  [2].  This  is 
illustrated  in  Figure  1.  A  radially  polarized  laser 
beam  [3]  is  focused  by  an  axicon  onto  the  e-beam 

inside  a  gas  cell  at  the  Cerenkov  angle  9C  given  by 
cos0c  *  (1  where  n  is  the  index  of  refraction 
of  the  gas  and  p  is  the  ratio  of  electron  velocity  to 


*  Supported  by  US  DOE  Contract  No.  DE-AC06- 
83ER40128. 


Figure  1.  Basic  arrangement  for  inverse  Cerenkov 
acceleration. 


H.  REVIEW  OF  MODEL  PREDICTIONS 

A  Monte  Carlo  computer  model  of  the  ICA 
process  has  been  developed  [4]  and  used  to 
predict  the  performance  of  the  experiment.  These 
predictions  are  shown  in  Figure  2.  (Note,  we 
assume  a  50%  efficient  optical  system  resulting  in 
5  GW  of  peak  power  delivered  to  the  interaction 
region.) 

A  peak  energy  gain  of  >12  MeV  is 
predicted  corresponding  to  24%  energy  gain  and 
an  acceleration  gradient  of  >60  MeV/m.  Since  the 
gain  scales  as  the  square  root  of  the  laser  peak 
power  [2],  a  50-GW  delivered  laser  beam  would 
produce  ~38  MeV  energy  gain  and  an  acceleration 
gradient  of  190  MeV/m. 
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NUMBER  OF  ELECTRONS  (•/.)  NUMBER  OF  ELECTRONS  (•/.) 


ID.  DESCRIPTION  OF  EXPERIMENTAL 
APPARATUS 

The  experimental  hardware  has  been 
fabricated  and  installed  at  the  ATF.  It  consists  of 
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Figure  2.  Model  predictions  for  the  ATF 
ICA  experiment  for  0C  =  20  mrad,  L  =  20 
cm,  laser  beam  OD  =  1  cm,  P  =  1.7  atm  H2, 
e-beam  focused  to  r  =  0.18  pm,  and  2.1 -pm 
thick  diamond  e-beam  windows  are  used, 
(a)  No  laser  present;  (b)  laser  present  at  a 
delivered  peak  power  of  5  GW. 


a  gas  cell  where  the  ICA  interaction  occurs,  an 
electron  beamline  system,  and  an  optical  system 
for  converting  the  linearly  polarized  ATF  CO2 
laser  beam  into  one  with  radial  polarization. 
Figure  3  is  a  schematic  of  the  beamline  system. 

A  schematic  plan  view  of  the  internal  gas 
cell  components  is  given  in  Figure  4.  An  axicon 
mirror  is  used  rather  than  a  transmissive  axicon 
(see  Figure  1).  The  incoming  laser  beam  enters 
the  gas  cell  and  reflects  off  a  45°  mirror  towards 
the  axicon.  Both  the  45°  mirror  and  axicon  have  a 
central  hole  for  the  e-beam  to  pass  through.  The 
axicon  focuses  the  laser  beam  onto  the  e-beam, 
which  enters  and  exits  through  2.1 -pm  thick 
diamond  windows  sealed  on  the  ends  of  the  gas 
cell.  Phosphor  screens  inside  the  cell  are  used  to 
monitor  the  position  of  the  e-beam. 


Figure  3.  Schematic  of  ATF  ICA  beamline 
system. 


Figure  4.  Schematic  plan  view  of  gas  cell. 
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IV.  EXPERIMENT  UPDATE 

The  experiment  is  divided  into  two  phases. 
Phase  I  consisted  of  laser  only  experiments 
without  the  ATF  e-beam,  and  were  completed  last 
year.  During  Phase  I  the  radial  polarization 
converter  system  was  successfully  tested  with 
the  ATF  CO2  laser  beam.  Alignment  and  focusing 
of  the  laser  beam  into  the  gas  cell  was  also 
demonstrated.  Initial  investigations  of  any 
possible  nonlinear  effects  (e.g.  gas  breakdown) 
occurring  in  the  gas  due  to  the  presence  of  the 
high  peak  power  laser  beam  proved  negative. 
Critical  optical  components  also  passed  optical 
damage  tests,  and  the  e-beam  windows  survived 
exposure  to  an  e-beam  provided  by  the  National 
Synchrotron  Light  Source  (NSLS). 

Phase  II  is  the  actual  electron  acceleration 
experiment  in  which  the  Phase  I ICA  hardware  is 
fully  integrated  with  the  ATF  linac.  This  integra¬ 
tion  has  been  completed  and  the  first  Phase  II 
experiments  have  begun. 

At  the  time  of  this  writing  (May  1993),  the 
first  run  with  the  laser  and  e-beam  has  been 
completed.  The  e-beam  was  successfully  sent 
through  the  gas  cell,  including  the  1-mm  diameter 
entrance  and  exit  diamond  windows,  and  the  1- 
mm  diameter  holes  in  the  axicon  and  45°  mirrors 
(see  Figure  4).  Approximately  4  GW  of  laser 
peak  power  was  delivered  to  the  interaction 
region. 


This  first  run  revealed  several  modifica¬ 
tions  to  the  experimental  system  that  need  to  be 
implemented.  First,  the  system  devised  to  view 
the  positions  of  the  e-beam  and  laser  beam  within 
the  gas  cell  needs  to  be  improved.  This  is 
important  to  ensure  the  physical  overlap  of  the 
beams  within  the  gas  cell.  Second,  the  high  power 
laser  beam  tends  to  damage  the  45°  mirror  and 
axicon  around  the  holes  in  their  centers.  This  is 
because  the  radially  polarized  beam  is  not  purely 
annular  in  shape  and  a  significant  amount  of  laser 
energy  strikes  the  edges  of  the  holes. 

V.  FUTURE  WORK 

Modifications  to  the  experimental  system 
will  be  made  before  the  second  run  to  rectify  the 
problems  encountered  during  the  first  run.  We 
expect  to  observed  acceleration  of  electrons 
within  the  next  several  months. 
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Abstract 

We  examine  the  various  high  power  RF  sources  on  the  ba¬ 
sis  of  the  next  linear  collider  requirements.  The  discussion 
is  based  on  classification  of  the  sources  according  to  what 
we  consider  the  most  informative  criteria.  In  the  conven¬ 
tional  acceleration  scheme  (e.g.  SLAC)  multiple  sources 
generate  the  RF  power.  A  variety  of  sources  axe  consid¬ 
ered  and  they  cover  the  spectrum  from  9  to  19 GHz.  In  the 
two  beam  accelerator  scheme  all  the  modules  are  driven 
by  the  same  beam  which  has  multi  MeV  (LBL/LLNL) 
up  to  a  few  GeV  (CERN)  electrons;  the  current  carried 
by  the  beam  is  of  order  of  kA.  Two  types  of  RF  sources 
have  been  suggested:  traveling  wave  (TW)  structures  and 
free  electron  laser  (FEL).  The  operating  frequency  varies 
from  device  to  device  in  the  range  of  9  to  35 GHz. 

I.  INTRODUCTION 

The  typical  requirements  from  an  RF  source  for  the  next 
linear  collider  (NLC)  are:  200 MW/m  at  10— 30GHz  with 
an  efficiency  above  40%.  The  pulse  duration  varies  from 
one  scheme  to  another,  but  the  net  pulse  for  accelera¬ 
tion  is  expected  to  be  above  lOOnsec  and  to  generate  a 
gradient  on  the  order  of  100 MV/m.  The  luminosity  re¬ 
quirements  determine  the  repetition  rate  and  according 
to  the  system  it  can  vary  from  50  —  MOO/fz^.  The  de¬ 
tailed  specifications  of  any  RF  source  are  established  as 
part  of  the  design  of  an  entire  system.  According  to  the 
acceleration  system  one  can  divide  these  sources  into  two 
groups:  sources  which  drive  (i)  a  Two  Beam  Accelerar 
tor  (TBA)  e.g.  at  LBL/LLNL/MIT,  KEK,  JINR(Dubna) 
and  CERN  in  which  a  single  beam  generates  the  whole 
required  power  and  (is)  a  conventional  multiple  sources 
system  e.g.  SLAC,  KEK,  DESY,  VLEPP,  Cornell  and 
Univ.  of  Maryland;  see  Fig.  1.  This  is  our  first  classifica¬ 
tion  criterion. 

If  in  the  past  the  klystron  was  practically  the  only  RF 
source  used  for  acceleration  purposes,  the  beam-wave  in¬ 
teraction  in  today’s  systems  tends  to  expand  beyond  the 
limits  of  a  fraction  of  the  (vacuum)  wavelength.  The  main 
reason  for  this  trend  is  the  breakdown  problem  associated 
with  the  high  power,  frequency  and  efficiency  imposed  by 
the  NLC  requirements.  The  approach  followed  to  over¬ 
come  the  breakdown  problem  provides  our  second  classi¬ 
fication  criterion.  There  are  several  such  approaches,  (i) 
It  is  possible  to  increase  the  frequency  (to  30 GHz  and 
above  as  is  the  case  for  the  TBA);  doing  so  the  power 
level  required  is  much  smaller  since  for  the  same  gradient 
the  power  scales  like  f~2.  Thus  an  increase  by  a  fac¬ 
tor  of  3  in  the  frequency  lowers  the  power  requirement 
by  almost  an  order  of  magnitude.  However  a  problem 


with  this  approach  is  that  the  geometrical  (alignment 
and  manufacturing)  tolerances  at  small  dimensions,  as¬ 
sociated  with  the  increased  frequency,  become  very  tight 
(0.5/im).  ( it )  Another  approach  is  that  of  pulse  compres¬ 
sion  adopted  by  SLAC  and  KEK  in  which  an  X— band 
(11.4GHz)  klystron  generates  50Af W  for  1.5/xsec.  This 
pulse  is  then  compressed  4  times  in  power  and  6  times  in 
time  such  that  the  nominal  pulse  is  200MVY  for  250nsec. 
A  similar  approach  was  adopted  at  VLEPP  which  oper¬ 
ates  at  14 GHz  and  the  compression  method  is  different; 
we  shall  discuss  this  system  later  in  more  detail,  (tit)  The 
last  approach  to  overcome  the  breakdown  problem  is  to 
use  a  distributed  interaction  in  a  TW  structure.  This  ap¬ 
proach  has  proven  to  be  successful  at  SLAC^2\  Cornell^ 
and  with  the  Choppertron^4^  (Haimson/LLNL).  The  idea 
here  is  to  generate  a  high  power  pulse  (100  —  400 Af  W)  for 
the  duration  required  for  acceleration  (>  lOOnsec).  TW 
structures  are  also  part  of  the  CLIO  extraction  section. 

The  issue  of  distributed  interaction  leads  us  to  the  third 
classification  criterion  namely,  we  would  like  to  distin¬ 
guish  here  between  (i)  slow  wave  devices  (Cerenkov)  and 
(ii)taat  wave  devices  (FEL,  CARM^\  Gyrotron*®-7)  and 
Magnicon*8-9)).  This  is  schematically  presented  in  Fig.2. 
Each  of  these  categories  has  its  own  advantages  and  dis¬ 
advantages.  If  we  limit  for  a  moment  the  discussion  to 
traveling  wave  amplifiers  (TWA)  and  gyrotrons  then  the 
former  operates  in  a  single  TM  mode  whereas  in  the  latter 
a  massive  higher  mode  suppression  is  necessary  for  "sin¬ 
gle  mode  operation”.  On  the  c*1'  ’  -  ‘  .j  TWA 

the  breakdown  at  the  corrugated  walls  ren.  rr 

(though  not  as  severe  as  in  the  klystron)  whereas  m  _ 
rotron  the  smooth  walls  minimize  this  problem.  As  for 
now  it  is  difficult  to  assess  what  weight  to  attribute  to 
the  cost  of  the  applied  magnetic  field  and  its  required 
accuracy^7)  since  the  power  levels  reported  so  far  are  al¬ 
most  one  order  of  magnitude  lower  than  the  TWA^10\ 
For  27 MW  at  9.85 GHz  a  field  less  than  6 kG  was  re¬ 
quired  with  an  accuracy  of  50G.  This  magnitude  is  similar 
to  that  of  the  guiding  field  in  either  TWA  or  relativistic 
klystron  but  these  two  are  practically  insensitive  to  varia¬ 
tions  in  the  magnetic  field  -  on  the  scale  mentioned  above. 

We  shall  now  examine  some  of  the  RF  sources  which  have 
been  investigated  recently  in  the  view  of  the  classification 
mentioned  above. 

II.  TWO  BEAM  ACCELERATOR 

The  TBA  concept  first  suggested  in  1982  by  A.  Sessler^U 
relies  on  the  interaction  of  a  single  high  power  beam  with  a 
radiation  field  in  the  presence  of  a  wiggler.  The  radiation 
power  is  extracted  from  discrete  (extended)  cavities,  thus 
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SLAC&JLC 


nClystron(NLCTA)\ 
0.44MeV,0.35kA 
l.S|j.sec,  180(150)Hz 
50MW,45%,  11.4GHz 

SLED  II: 

T:  x6  ->  250ns 
VP:  x4  ->  200MW  , 


VLEPP  (Russia) 

^Klystron  /  TW 
lMeV,0.3kA,0.7*is 
63MW  at  14GHz, 
21%,  50Hz 

VPM: 

T:  x6.5  ->  107ns 
LP:  ? 


Gyrotro-klystron 
0.43MeV,0.2kA,lp.  s 
27MW,  32%, 
k9.85GHz  J 


Cornell 


Narrow  Band  TW 
lMeV,lkA,70ns 
200MW  ,20%  ,9GHz 


BNL 

"  Cluster  -  klystron 
!  0.45MeV,0.1kA»lp,  s 
'  27MWx  42  =  1GW, 
•70%  at  11.4GHz 


LBL/LLNL&MTT 


f3.3MeV,lkA,15ns  1 
LLNL  PEL  1985: 
lGW,34%,34.6GHz 
LBL:  SW-FEL 
VMTT:  60MW FEL  j 


KEK  (Japan) 

■0.8MeV,0.5-0.7kA? 
80ns,  30MW  at 
9.4GHz  _ 


JINR(Dubna,  Russia) 

TMeV,0.5kA,70ns^ 
30MW  at  35GHz 
.  1Hz  rep.  rate  . 


CERN/CUC 


^  (500GeV)  A 

3  3GeV 

buncher:10MeV, 
lkA,30GHz-FEL. 
TW:  40MW,  11.4ns 
1400Hz  rep.  rate 


L  TW  &  Re-acc.  J 

LLNL  /  Haimson 
Choppertron: 
2.5MeV,lkA,70ns 
420MW  at  11.4GHz 


Fig.l:  Classification  of  RF  sources  according  to  acceleration  scheme. 
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the  notion  of  standing  wave  FEL.  The  proof  of  principle 
dates  back  to  1985  when  a  3.3 MeV,  lk  A  beam  generated 
1  GW  of  power  for  15naec  at  34.6 GHz  corresponding  to 
34%  efficiency* 1J).  Recently  30 MW  at  9  AGHz  were  gen¬ 
erated  at  KEK*13)  for  80nscc  with  Q.SMeV,  0.5  —  0.7kA 
in  an  FEL.  At  JINR(Dubna)*14\  a  similar  amount  of 
power  was  generated  for  70nsec  but  at  ZZGHz  with  a 
3 MeV,  0.5FA  beam.  All  three  have  the  FEL  interaction 
in  common.  The  beam  is  planned  to  be  re-accelerated  by 
induction  linac  cells  which  are  crucial  for  the  adequate 
operation  of  the  following  RF  extraction  units.  Accord¬ 
ing  to  our  third  classification  the  standing  wave  FEL  is  a 
fast  wave  device.  There  is  no  reason  why  the  fast-wave 
interacting  cells  can  not  be  replaced  with  slow-wave  type 
cells.  This  is  the  case  in  the  LLNL/Haimson*4)  exper¬ 
iment  (Choppertron)  in  which  a  2.5MeV,  IkA,  70nsec 
beam  is  injected  in  two  consecutive  traveling  wave  struc¬ 
tures;  power  in  excess  of  400 MW  at  HAG  Hz  was  mea¬ 
sured  in  this  case.  Similar  structures  are  used  at  CLIC 
following  a  very  unique  design.  The  electrons  are  bunched 
by  an  FEL  when  injected  with  an  initial  energy  of  10 MeV 
(IkA  of  current).  They  are  bunched  at  30 GHz  in  this 
stage  and  then  accelerated  to  S.SGtV.  This  beam  feeds 
short  traveling  wave  sections  which  generate  about  40MW 
of  power,  each  for  11.4nsee.  Note  that  the  40MW  in  this 
design  can  generate  a  similar  gradient  as  the  400 MW  of 
the  Choppertron  at  11  AGHz. 


i 't,  2:  Classification  of  RF  sources  according  to  interac¬ 
tion  type. 


III.  CONVENTIONAL  SOURCES 

When  examining  conventional  sources  it  is  convenient  to 
divide  them  according  to  the  interaction  type.  We  shall 
discuss  first  the  fast  wave  devices.  In  this  presentation  we 


shall  limit  the  discussion  to  a  single  representative  from 
this  family  namely,  the  gyrotron.  The  gyrotron*8-7)  or  its 
combination  with  TW  and  klystron  version  called  gyro- 
twystron  has  a  significant  appeal  since  the  TW  structure 
helps  to  keep  the  magnetic  field  at  relatively  low  levels 
when  the  RF  power  levels  (and  thus  the  current)  are  sig¬ 
nificantly  higher.  The  operation  of  the  extraction  section 
designed  to  fit  the  second  frequency  harmonic  is  also  in 
progress. 

In  the  category  of  the  bare  klystron  we  would  like  to  men¬ 
tion  the  Cluster  Klystron.  As  presently  envisaged  it  is 
to  be  driven  by  a  0.45MeV,  O.lJbA,  Ifisec  beam.  There 
will  be  42  such  beams  generated  on  the  same  cathode  by 
magnetron  injector  guns  which  will  generate  beams  with 
a  local  current  density  as  high  as  40A/cm3.  At  about 
70%  efficiency  each  klystron  will  generate  26 MW  with 
an  overall  1.1GW  RF  power  at  11  AGHz;  this  is  the  first 
system  discussed  so  far  that  has  not  been  tested  exper¬ 
imentally.  Basically  there  are  two  major  obstacles  this 
system  has  to  overcome:  the  generation  of  controllable 
multiple  beams  from  a  single  cathode  and,  assuming  that 
this  was  accomplished,  the  combination  of  all  outputs  in 
a  single  waveguide  at  a  well  defined  phase. 

As  illustrated  in  Fig.2  the  VLEPP  klystron  lies  some¬ 
where  between  the  slow  wave  devices  and  the  klystron 
family.  It  consists  of  a  series  of  cavities  but  its  extraction 
section  consists  of  a  traveling  wave  section.  Its  injection 
section  is  unique:  the  electrons  are  generated  and  guided 
by  a  25kV  electrostatic  optic  system  and  afterwards  ac¬ 
celerated  by  a  1MV  dc  voltage  source.  Since  the  driving 
voltage  is  high,  the  required  power  can  be  supplied  by  in¬ 
jecting  a  modest  amount  of  current  (300A).  This  fact  has 
two  implications:  (i)  the  beam  can  be  guided  by  a  per¬ 
manent  periodic  magnetic  field  and  (ii)  according  to  V. 
Balakin*18)  it  has  the  potential  of  a  very  efficient  device 
due  to  its  low  (0.3)  micro-perveance.  The  dc  guiding  of 
the  beam  makes  the  device  very  attractive  from  the  finan¬ 
cial  point  of  view  since  a  significant  portion  of  the  cost  of 
an  RF  generator  is  the  cost  of  the  magnets.  The  design 
of  this  system  is  very  ambitious  and  it  is  planned  to  reach 
almost  80%  efficiency.  At  the  present  time  the  output 
is  63 MW  which  corresponds  to  21%  efficiency.  This  is 
the  typical  efficiency  one  can  expect  from  an  uniform  TW 
section  without  any  optimization. 

The  last  subject  to  be  considered  in  the  category  of  con¬ 
ventional  sources  is  the  traveling  wave  amplifier  (TWA). 
We  have  investigated  this  device  at  Cornell  both  exper¬ 
imentally  and  theoretically  in  the  past  several  years.  In 
a  two  stage  TWA  we  have  reported  generation  of  more 
than  400M  W  in  the  X-band  for  a  pulse  duration  of  70nsec 
using  a  1  MV,  UfcA  beam.  However  the  spectrum  of  the 
signal  was  unacceptably  broad  (ZOOM Hz)  due  to  the  pres¬ 
ence  of  asymmetric  sidebands.  Theoretical  studies  indi¬ 
cated  that  these  effects  are  a  result  of  amplified  noise  at 
frequencies  which  are  selected  by  the  interference  of  the 
two  waves  which  bounce  between  the  two  ends  of  the  TW 


2569 


structure.  In  order  to  eliminate  the  problem  of  the  re¬ 
flections  (the  increased  noise  is  unavoidably  part  of  the 
modulation  process)  we  suggested*18)  building  an  ampli¬ 
fier  in  which  the  time  it  takes  the  EM  energy  to  reach  the 
input  end  after  being  reflected  from  the  output  end,  is  of 
the  same  order  of  magnitude  as  the  electron  pulse  dura¬ 
tion.  In  order  to  satisfy  the  above  condition  the  group 
velocity  has  to  be  very  small  (in  our  case  less  than  0.01c). 
This  subject  is  presented  in  Ref.  10.  The  output  in  the 
most  recent  experiments  indicate  power  levels  of  about 
200A/W  at  9 GHz  in  a  frequency  range  which  is  less  than 
50 MHz.  This  has  been  achieved  in  an  uniform  structure 
in  which  the  only  optimization  was  making  the  last  disk 
1mm  thick  instead  of  6 mm.  This  allows  the  EM  mode  to 
leave  the  system  since  for  the  disk  radius  this  wave  is  well 
below  cutoff*18^.  This  result  can  be  probably  improved 
significantly  by  a  better  design  of  the  output  TW  section. 

IV.  DISCUSSION 

Although  the  variety  of  concepts  and  devices  is  not  par¬ 
ticularly  helpful  in  the  attempt  to  identify  a  global  trend, 
we  believe  that  there  are  clear  indications  of  local  trends. 
The  clearer  among  these  trends  is  that  of  the  TBA  source: 
neither  of  the  devices  under  consideration  use  the  klystron 
as  a  basis  for  their  RF  generator.  In  fact  it  is  fairly  clear 
that  the  distributed  interaction  either  in  a  fast  or  slow 
wave  device  replaces  the  local  beam-wave  interaction  of 
a  klystron.  However  the  cavity  effects,  say  in  a  standing 
wave  FEL,  are  still  there,  and  as  was  indicated  in  Ref.(I7) 
the  analogy  to  klystrons  can  be  quite  helpful. 

With  respect  to  conventional  schemes,  the  scaling  of  the 
klystron  to  the  X-band  and  to  long  pulse  operation  in 
conjunction  with  the  compression  scheme  indicates  that 
the  klystron  is  still  a  potentially  viable  competitor  for 
the  next  linear  collider  RF  source.  As  an  intermediary 
stage  the  compression  schemes  proposed  by  SLAC  and 
VLEPP  will  probably  meet  the  requirements  but  they  will 
not  solve  the  long  term  problem.  Over  the  long  term  we 
have  to  remember  the  limitations  of  both  the  klystron 
and  the  compression  schemes  -  especially  with  respect  to 
breakdown.  One  of  the  alternatives  we  mentioned  in  our 
second  classification  criterion  was  a  medium  length  (100  — 
200nsec)  high  power  (100  —  400MW)  pulse.  This  kind 
of  system  eliminates  the  neccessity  for  compression  and 
still  provides  the  required  power  levels.  But  to  withstand 
high  electric  field  associated  with  these  power  levels  it  will 
require  a  TW  output  section*2-4).  Since  this  scheme  has 
the  potential  to  solve  the  problem  it  seems  probable  that 
TW  output  sections  will  become  an  integral  part  of  future 
RF  extraction  systems.  It  is  this  trend  which  we  wish  to 
further  discuss  next. 

The  starting  point  is  the  constraint  imposed  by  the  NLC 
requirements  on  the  RF  structure.  The  output  frequency 
requirement  limits  the  input  section  of  any  source  to  a 
very  good  frequency  selective  device.  From  this  perspec¬ 
tive  the  klystron  cavity  or  a  combination  of  a  cavity  with 
a  magnetic  field  as  in  the  case  of  the  Choppertron  or  an 


FEL,  are  the  natural  candidates  for  the  input  section  of 
any  RF  system.  The  main  section  can  be  a  set  of  isolated 
cavities  as  in  a  klystron,  a  TW  section  or  a  combination  of 
the  two.  However  the  breakdown  problem  will  force  us  to 
use  a  TW  structure  as  an  output  section  with  one  or  more 
extraction  ports.  This  brings  us  to  the  last  subject  which 
is  discussed  in  more  detail  in  another  work*18)  regarding 
the  beam-wave  interaction  in  quasi-periodic  structures. 

A  high  power  traveling  wave  structure  is  conceived  as  a 
section  of  a  periodic  disk  loaded  structure  and  its  electro¬ 
magnetic  characteristics  are  determined  as  if  the  system 
was  infinitely  long.  Practically  these  are  a  set  of  cavities 
which  are  coupled  through  the  disk  aperture.  At  the  other 
extreme,  the  klystron  is  a  set  of  a  few  isolated  cavities.  In 
the  former  case  the  beam  interacts  with  a  wave  continu¬ 
ously,  whereas  in  the  klystron  the  beam  interacts  with  the 
field  in  the  close  vicinity  of  the  cavity.  The  interaction  in 
a  uniform  periodic  structure  (TWA)  or  in  a  few  uncou¬ 
pled  cavities  (klystron)  is  relatively  well  understood.  But 
we  lack  analytical  or  even  quasi-analytical  tools  to  accu¬ 
rately  investigate  the  interaction  in  transition  region  of  a 
high  power  microwave  device  -  which  is  exactly  what  is  re¬ 
quired  for  construction  of  an  adequate  output  section.  For 
this  purpose  we  have  developed  an  analytical  method  to 
investigate  the  beam-wave  interaction  in  a  quasi-periodic 
structure.  The  method  relies  on  an  arbitrary  number  of 
pill-box  like  cavities  of  any  dimension  and  an  arbitrary 
number  of  radial  arms.  The  only  constraint  is  that  the 
radius  of  the  coupling  pipe  has  to  be  fixed.  So  far  we 
have  successfully  employed  this  method  for  cold  design  - 
in  particular  for  the  extraction  region  of  the  two  stage 
amplifier  reported  in  Ref.(10). 

V.  SUMMARY 

Let  us  now  summarize  the  main  conclusions  regarding 
high  power  radiation  sources  for  acceleration  applications: 
(i)  There  is  a  clear  advantage  to  operate  at  the  highest 
frequency  the  alignment  constraints  permit.  ( ii )  At  very 
high  power  local  beam-wave  interaction  (as  in  a  klystron) 
is  disadvantageous  comparing  to  distributed  interaction  in 
traveling  wave  structures  due  to  the  breakdown  problem. 
(Hi)  Radiation  sources  need  to  expand  further  beyond  the 
limits  of  the  bare  klystron,  (iv)  The  expansion  so  far  is 
"equally”  divided  towards  fast  and  slow  wave  devices,  (v) 
In  two  beam  accelerators  the  klystron,  in  its  present  con¬ 
figuration,  will  play  little,  if  any,  role,  (vi)  In  conventional 
sources  the  traveling  wave  structure  with  one  or  multiple 
output  ports  will  have  an  increasing  role  at  least  in  the 
output  section  of  a  high  power  RF  source.  Accordingly 
the  interaction  in  transition  regions  will  require  more  and 
more  attention. 
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I.  INTRODUCTION 

Many  types  of  microwave  amplifiers  are  being 
considered  at  various  institutions  as  candidate  sources 
for  driving  future  linear  colliders.  The  choice  of  op¬ 
erating  frequency  ranges  from  2.85  GHz  to  35  GHz. 
Peak  microwave  output  power  and  pulse  duration 
also  vary  widely.  In  this  paper,  we  propose  three 
criteria  for  evaluating  and  comparing  amplifier  op¬ 
tions.  These  are  as  follows:  1)  Nt,  the  number  of  am¬ 
plifiers  required  to  drive  an  accelerator  with  a  given 
final  energy  and  a  given  accelerating  gradient;  2)  V, 
the  voltage  required  to  operate  the  microwave  am¬ 
plifier;  and  3)  rfr,  the  overall  efficiency  including  the 
output  efficiency  of  the  amplifier,  the  efficiency  of 
the  pulse  compression  circuit  if  any  is  used,  and  the 
high  voltage  modulator  pulse-shape  efficiency.  All  of 
these  criteria  will  affect  the  cost  of  a  linear  collider 
system.  The  cost  of  the  microwave  amplifiers  will, 
of  course,  equal  the  cost  of  each  amplifier  (with  its 
associated  power  supplies,  magnets,  and  pulse  com¬ 
pression  circuit)  multiplied  by  the  number  of  ampli¬ 
fiers,  Nt.  The  cost  of  each  amplifier  and  its  power 
supply /modulator  will  increase  with  the  voltage,  V. 
In  fact,  we  have  chosen  to  restrict  our  considera¬ 
tion  of  specific  amplifiers  to  those  in  which  V  <  1 
MV;  at  voltages  above  1  MV  very  large  insulators 
and  more  exotic  pulsed  power  supplies  such  as  in¬ 
duction  linacs  would  be  required  and  these  might  be 
excessively  costly.  Overall  efficiency  will,  of  course, 
influence  average  power  consumption  as  well  as  the 
size  and  cost  of  power  supplies. 


(throughout  this  paper  mks  units  are  used  unless 
otherwise  noted),  while  the  structure  fill-time  is  given 
by 

tf  fa  2.3  x  1(T5A3/2.  (2) 

Thus,  the  required  microwave  pulse  energy  per  unit 
length  is 

u  =  pt j  ta  2.8  x  10~12£2A2.  (3) 


Then,  a  single  microwave  amplifier  with  peak  output 
power,  Pp ,  and  pulse  duration  rp  >  tf  would  be  able 
to  drive  a  length  of  accelerator  structure 


/l  =  ^VfcR53.6xl0n^M! 


£2A2 


(4) 


where  we  have  used  Eq.  (3),  and  rjc  is  the  efficiency 
of  any  pulse  compression  circuit  that  is  used.  If  we 
estimate  that  each  factor  of  2  in  pulse  compression 
can  be  achieved  with  90%  efficiency,2  then 


T]c  =  0.9 exp  [log 2(Tp/tf)] .  (5) 

The  required  overall  length  of  an  accelerator  with 
final  energy,  U /,  is 


L  =  Uf/eEa 


(6) 


while  the  total  number  of  microwave  tubes  required 
is  obtained  from  Eqs.  (4)  and  (6)  as 


*1  PpTpVc 


(7) 


II.  THE  NUMBER  OF  AMPLIFIERS  REQUIRED 
TO  DRIVE  A  COLLIDER 

First,  consider  the  relationship  between  peak  mi¬ 
crowave  power  required  per  unit  accelerator  length, 
p,  the  accelerator  gradient,  Ea,  and  the  microwave 
wavelength,  A.  Perry  Wilson  has  recently  presented1 
the  result  that  for  an  accelerator  structure  consist¬ 
ing  of  a  chain  of  pillbox  TMoio  resonators,  the  mi¬ 
crowave  power  per  unit  length  is  given  by 

p«  1.2  x  1(T7£2A1/2  (1) 


Accelerator  cost  will  increase  both  with  the  length 
of  the  required  tunnel,  L ,  and  with  the  number  of 
microwave  tubes,  Nt.  However,  since  L  ~  E~l  and 
Nt  ~  Ea ,  the  choice  of  an  optimum  Ea  is  not  obvious, 
and  involves  a  complicated  analysis  of  such  factors 
as  tunnel  cost  versus  microwave  tube  cost. 

Once  Uj  ar  ’  are  chosen  for  a  collider,  Eq.  (6) 
together  with  )  and  (2)  may  be  used  to  evalu¬ 
ate  Nt.  It  may  en  from  Eq.  (6)  that  Nt  could  be 

decreased  by  choosing  a  higher  microwave  frequency 
if  PpTp  decreased  less  rapidly  than  A2.  In  addition, 
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high  frequency  has  the  advantages  of  increased  limit¬ 
ing  values  of  Ea  as  determined  by  rf  breakdown3  and 
increased  pulse  repetition  frequency4  which  dimin¬ 
ishes  problems  caused  by  ground  jitter.  However, 
there  is  a  practical  upper  limit  on  frequency  that  is 
currently  estimated  to  be  in  the  neighborhood  of  35 
GHz.  At  higher  frequency,  fabricating  and  aligning 
the  smaller  accelerator  structures  becomes  increas¬ 
ingly  difficult;  this  might  be  alleviated  however  by 
using  higher  order  transverse  modes  in  the  accelera¬ 
tor  cavities  which  would  not  substantially  affect  the 
values  of  t\  or  Nt. 

III.  OVERALL  MICROWAVE  AMPLIFIER 
SYSTEM  EFFICIENCY 

A  typical  microwave  amplifier  system  consists  of 
the  microwave  tube,  the  pulse  compression  circuit, 
and  the  high  voltage  modulator  (plus  other  elements 
which  will  not  be  considered  in  this  first-cut  analy¬ 
sis).  Accordingly,  the  total  system  efficiency  may  be 
defined  as 

VT  =  VaVcVv  (8) 


purposes  of  comparison  the  performance  character¬ 
istics  of  the  S-band  SLC  klystron  is  tabulated  on  the 
first  line. 

It  will  be  noted  that  both  the  X-band  klystron 
and  the  two  gyroklystron  experiments  show  signifi¬ 
cant  progress  in  reducing  the  value  of  Nt  from  the 
SLC  klystron  value.  The  free  electron  laser,  ex¬ 
tended  interaction  klystron  and  traveling  wave  tube 
would  have  lower  values  of  Nt  if  they  could  be  made 
to  operate  with  longer  pulses.  An  acceptable  value 
of  Nt  might  be  1000-2000  and  thus  new  higher  power 
experiments  are  of  interest.  For  example,  a  17.4  GHz 
amplifier  operating  with  an  output  pulse  of  Pp  =  100 
MW  and  tp  =  1/rs  would  have  Nt  ~  1300. 

It  will  also  be  noted  that  none  of  the  higher  fre¬ 
quency  amplifier  experiments  have  yet  equalled  the 
SLC  klystron  in  efficiency  and  improvement  in  rfr 
is  emphatically  called  for.  Perhaps  energy  recovery 
schemes  such  as  depressed  collectors  should  be  seri¬ 
ously  studied. 

This  work  was  supported  by  the  U.S.  Depart¬ 
ment  of  Energy. 


where  rja  is  the  output  efficiency  of  the  microwave 
amplifier  (i.e.  microwave  output  power  divided  by 
the  power  of  the  electron  beam  in  the  amplifier), 
rjc  is  defined  in  Eq.  (5),  and  is  the  pulse-shape 
efficiency  of  the  high  voltage  modulator. 

In  contrast  to  the  behavior  of  pulse  compression 
efficiency,  the  high  voltage  modulator  pulse-shape  ef¬ 
ficiency,  decreases  as  pulse  duration  tv  b  omes 
shorter  due  to  the  increasing  fraction  of  u  en¬ 
ergy  in  the  rise  and  fall  of  regions  of  the  r,  aor 
pulse.  The  efficiency  T)v  is  thought1  to  have  the  form 


Vv  = 


0) 


where  we  estimate  empirically  that  the  constant  a  = 
0.25  X  10-6  sec. 


IV.  COMPARISON  OF  EXPERIMENTAL 
MICROWAVE  AMPLIFIERS 


The  performance  parameters  of  a  number  of  lead¬ 
ing  microwave  amplifier  experiments  are  displayed 
in  Table  1  together  with  the  calculated  values  of  rfr 
and  Nt-  The  various  experimental  studies  are  in  dif¬ 
ferent  stages  of  maturity  and  so  the  tabulated  data 
indicates  only  what  has  been  demonstrated  by  the 
beginning  of  1993  and  not  ultimate  potential.  For 
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Table  1.  Demonstrated  amplifier  performance  ( V  <  800  kV);  Nt  is  the  total  number  of  amplifiers 
_ required  to  drive  a  1  TeV  accelerator  with  Ea  =  100  MV/m. _ 


Type  of 

Amplifier 

Research 

Institution 

/ 

(GHz) 

Pp 

(MW) 

tp 

*)a 

(%) 

V 

(kV) 

Nt 

VT 

(%) 

SLC  klystron 

SLAC 

2.856 

65 

3.5 

45 

350 

17  k 

28 

X-band  klystron5 

SLAC 

11.4 

50 

1.0 

22 

447 

5.6  k 

10 

X-band  gyroklystron6,7 

U.  Md. 

9.85 

27 

1.4 

32 

425 

10  k 

15 

K-band  gyroklystron8’** 

U.  Md. 

19.7 

30 

0.8 

27 

440 

4.2  k 

11 

FYee  electron  laser9 

MIT 

33 

61 

0.02 

27 

750 

19  k 

6 

Extended  interaction 
klystron10 

SRL* 

11.4 

100 

0.05 

43 

440 

42  k 

13 

Traveling  wave  tube11 

Cornell 

8.76 

200 

0.1 

24 

800 

16  k 

9 

'Science  Research  Laboratory  in  collaboration  with  Haimson  Research  Corp.  and  MIT. 
**In  the  K-band  gyroklystron  the  output  cavity  operates  at  twice  the  input  frequency. 
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Abstract 

The  physics  and  technological  issues  involved 
in  high  gradient  particle  acceleration  at  high  mi¬ 
crowave  (RF)  frequencies  are  under  study  at  MIT. 
The  17  GHz  photocathode  RF  gun  has  a  1^  cell 
room  temperature  copper  cavity  with  a  peak  ac¬ 
celerating  gradient  of  about  250  MV/m.  The  an¬ 
ticipated  beam  parameters,  when  operating  with  a 
photoemission  cathode,  are:  energy  2  MeV,  nor¬ 
malized  emittance  0.43  jr  mm-mrad,  energy  spread 
0.18%,  bunch  charge  0.1  nC,  and  bunch  length  0.39 
ps.  The  goal  is  to  study  particle  acceleration  at  high 
field  gradients  and  to  generate  high  quality  electron 
beams  for  potential  applications  in  next  generation 
linear  colliders  and  free  electron  lasers.  The  experi¬ 
mental  setup  and  status  are  described. 

I.  INTRODUCTION 

To  meet  the  stringent  requirements  set  by  fu¬ 
ture  applications  such  as  high-energy  linear  colliders 
and  next  generation  free  electron  lasers,  efforts  have 
been  made  recently  to  create  novel  electron  beam 
sources.[l]  While  existing  RF  guns  operate  144  MHz 
to  3  GHz,  a  17.136  GHz  photocathode  RF  gun  has 
been  constructed  and  is  currently  under  cold  test 
at  MIT.(2]  The  17.136  GHz  operation  is  very  at¬ 
tractive  despite  potential  technical  difficulties  and 
physics  issues  associated  with  high  frequencies.  It 
allows  us  to  achieve  a  high  accelerating  gradient, 
to  make  the  system  compact,  and  to  generate  high 
brightness  beams.  In  this  paper,  the  status  of  the 
17  GHz  photocathode  RF  gun  experiment  is  pre¬ 
sented  in  detail.  A  general  layout  of  the  experiment 
is  shown  in  Fig.l.  It  consists  of  three  parts:  (1)  the 
RF  gun  cavity  and  the  transport  line  (including  the 
power  source  and  the  vacuum  system),  (2)  the  laser 
and  timing  system,  and  (3)  the  beam  transport  and 
diagnostic  line.  Each  of  these  subjects  is  described 
successively  in  Sections  2,  3,  and  4.  Section  5  sum¬ 
marizes  the  status  of  the  experiment. 

II.  RF  CAVITY  AND  TRANSPORT  LINE 

A.  RF  Cavity  and  Waveguide  Coupling 

Figure  2  shows  the  vacuum  assembly  that  houses 
the  RF  gun  structure  and  the  coupling  waveguide. 
A  vacuum  of  10-9  Torr  has  been  achieved  inside  the 
RF  gun  chamber.  The  peak  accelerating  gradient  is 
chosen  to  be  250  MV/m,  corresponding  to  a  peak 
surface  field  around  300  MV/m. 

—  *  This  research  is  supported  by  DOE  under 
Grant  DE-FG02-91-ER40648 
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Fig.  1:  Schematic  of  the  17  GHz  photocathode 
RF  gun  experiment 

The  beam  dynamics  and  the  interplay  between 
time-dependent  RF  forces,  space-charge  forces,  and 
nonlinear  RF  forces  have  been  studied  using  the  sim¬ 
ulation  code  MAGIC  [3].  The  main  operating  pa¬ 
rameters  at  17  GHz  are  summarized  in  Table  1. 

Table  1:  17  GHz  RFG  Designed  Beam 

Parameters 


Peak  accelerating  gradient 

Laser  pulse  length 

Final  bunch  length 

RF  phase  for  laser  pulse 

Current  density 

Cathode  radius 

Bunch  charge 

Emittance 

Energy  spread 

Current 

Brightness 


250MV/m 

1.4ps 

0.39ps 

12° 

6.7k  A/cm2 
0.525mm 
0.1  nC 

0.43r  mm-mrad 
0.18% 

258A 

‘"x'o'Vbp 


The  TE io  waveguide  mode  is  coupled  to  the  cavity 
through  two  rectangular  apertures,  one  on  each  cell 
of 
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Fig-2:  RF  Gun  Vacuum  chamber.  The  gun 
structure  is  located  at  the  center  of  the  chamber. 

the  cavity,  to  excite  the  x  mode  resonance.  An 
intensive  study  of  this  waveguide  sidewall  coupling 
scheme  has  been  conducted  both  theoretically  and 
experimentally. [4]  We  have  cold  tested  both  electro- 
formed  and  machined/brazed  OFHC  copper  cavities 
with  similar  results.  The  reflected  power  from  the 
waveguide-fed  RF  gun  cavities  was  measured  using 
a  network  analyzer.  Fig.3  shows  the  reflected  power 
as  a  function  of  frequency  of  an  untuned  gun  cav¬ 
ity.  The  two  resonances  are  about  100  MHz  apart 
and  each  cavity  has  a  Q  value  of  about  1000.  Each 
cavity  absorbs  over  80%  of  the  incident  power. 


STMT  1C.7IMINN  QHx 
STOP  17.2S«MMee  GHz 

Fig.  3:  Reflection  as  a  function  of  frequency  of 
an  untuned  gun  structure 

Figure  4  shows  the  reflection  as  a  function  of 
frequency  after  the  gun  cavities  are  tuned.  The  sin¬ 
gle  resonance  absorbs  more  than  90%  of  the  input 


power.  The  theoretical  modelling  of  the  waveguide- 
cavity  coupling  is  presented  in  a  companion  paper 
in  this  vo!ume[4]. 


ref  *.«  lie 
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Fig.4:  Reflected  Power  as  a  function  of  fre¬ 
quency  of  a  tuned  gun  structure 

B.  RF  Source  and  Transport 

The  power  source  used  to  feed  the  RF  cavity 
is  a  gyro- amplifier  under  development  at  MIT  [5]. 
The  RF  source  will  deliver  5-10  MW  peak  power  in  a 
pulse  of  30  ns  at  a  repetition  rate  of  10  Hz.  The  out¬ 
put  RF  is  in  a  circularly  polarized  TE31  mode  and 
must  be  converted  to  the  T E\o  mode  in  the  rectan¬ 
gular  waveguide  that  couples  to  the  RF  cavity.  The 
RF  transport  line  consists  of  a  long  overmoded  2” 
guide,  a 2”  to  1”  taper,  a.TE3i  to TE\\  converter,  a 
TE u  (rotating)  to  TE\\  (linear)  polarization  con¬ 
verter,  and  a  circular  to  rectangular  transition.  The 
line  is  followed  by  a  dual  directional  coupler,  a  high- 
vacuum  RF  window,  a  flexible  waveguide,  and  (op¬ 
tionally)  an  arc  sensor.  The  TE31  to  TElt  converter 
is  under  fabrication.  The  RF  source  is  transit  time 
isolated  from  the  gun  cavity  by  the  10  ft  transport 
line. 

The  complete  RF  line,  less  the  TE31  to  TEn 
converter,  has  been  assembled  and  vacuum  leak  checked 
at  10  5  Torr.  The  VSWR  for  the  flexible  waveguide 
is  1.23.  The  VSWR  for  the  high  power  window  does 
not  exceed  1.2  between  16.9  and  17.1  GHz.  The  ef¬ 
ficiency  of  the  mode  converter  is  at  least  98  %. 

III.  LASER  AND  TIMING  SYSTEM 


A.  Laser 

The  parameters  of  the  laser  system  are  summa¬ 
rized  in  Table  2. 
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Table  2.  Parameters  of  the  Laser  System 


Wavelength 
Repetition  rate 
Energy 

Energy  fluctuation 
Pulse  Length 
Phase  Jitter 
Timing  Jitter 
Polarization 
Beam  Divergence 
Beam  Pointing  Error 
Mode-Lock  Frequency 


220-280  nm 
0-10  Hz  (adjustable) 
200  ni 
<  ±10  % 

<2  ps 
<1  ps 
<3  ns 
>99% 

0.5  to  1  mrad 
<  10  /irad 
82  MHz 


An  Argon  Ion  pumped  Ti:Sapphire  laser  oscil¬ 
lator  produces  a  regeneratiely  modelocked  CW  train 
of  micro  joule  pulses  which  enter  a  pulsed  Ti:Sapphire 
laser  amplifier.  The  amplifier  is  pumped  by  a  1J 
Nd:YAG  laser.  The  amplified  IR  pulse  is  then  fre¬ 
quency  tripled  into  the  ultraviolet  by  an  KDP/BBO 
combination  and  is  directed  into  the  RF  cavity. 

B.  Timing 

As  shown  in  our  simulation  studies  [3],  the  elec¬ 
tron  beam  quality  is  strongly  dependent  on  the  RF 
phase  of  photoemission.  The  phase  jitter  is  required 
to  be  less  than  1  ps  in  our  experiment.  The  highly 
stable  Ti:Sapphire  laser  system  serves  as  the  system 
clock  in  the  timing  chain.  The  modelock  frequency 
of  82  MHz  is  defined  by  the  round-trip  time  of  the 
laser  cavity.  The  laser  oscillator  cavity  mirrors  are 
mounted  on  Invar  tubes  to  minimize  length  vari¬ 
ations.  The  82  MHz  signal  is  multiplied  up  by  a 
solid  state  frequency  multiplier  (x  204)  into  17  GHz 
to  drive  the  RF  amplifier  chain. 

IV.  BEAM  LINE  AND  DIAGNOSTICS 

The  beam  line  consists  of  a  quadrupole  triplet 
and  a  bending  magnet.  The  90°  bend  forms  a  point- 
to-point  imaging  system  to  be  used  for  energy  spread 
measurement.  The  position  and  the  horizontal  thick¬ 
ness  of  the  fluorescent  spot  give  the  energy  and  the 
energy  spread,  respectively.  The  quadrupole  triplet 
can  also  be  used  to  measure  the  emittance:  the 
bending  magnet  is  switched  off  and  the  spot  pro¬ 
duced  by  the  electrons  on  another  screen  positioned 
along  the  RF  gun  axis  is  observed.  The  gradient  of 
one  of  the  quadrupoles  is  varied  in  order  to  vary  the 
spot  size  on  the  screen.  A  least-square  analysis  of 
the  beam  transverse  dimension  vs.  the  gradient  in 
the  quad  gives  the  transverse  emittance. 

The  program  TRACE3d  was  used  to  obtain  a 
preliminary  design.  Simulations  of  the  same  line 
with  the  program  PARMELA  show  that  the  res¬ 
olution  of  the  spectrometer  should  be  better  than 


0.1%.  The  charge  will  be  measured  with  a  Fara¬ 
day  cup.  Several  methods  for  measuring  the  bunch 
length  are  under  investigation. 

V.  SUMMARY 

A  17  GHZ  photocathode  RF  gun  experiment 
is  under  developments.  The  designed  peak  accel¬ 
erating  gradient  on  axis  is  250  MV/m.  The  accel¬ 
erating  structure  and  the  RF  transport  line  have 
been  fully  cold  tested.  The  first  stage  experiment 
involves  powering  the  structure  with  high  power  17 
GHz  microwaves.  The  goal  of  the  initial  experiment 
is  to  condition  the  cavity,  and  to  study  field  emission 
and  RF  breakdown  at  17  GHz. 

The  second  stage  of  the  experiment  will  inte¬ 
grate  the  laser  system  with  the  RF  source  and  the 
gun  system.  Detail  characterization  of  the  beam 
property  are  planned  The  following  systems  will  be 
integrated  with  the  17  GHz  RF  gun  system  in  the 
second  stage  of  the  experiment.  A  UV  laser  system 
and  the  related  timing  system  are  being  tested  to 
generate  picosecond  electron  bunches  through  pho¬ 
toemission  from  the  cavity  wall.  Successful  acceler¬ 
ation  of  these  bunches  under  high  field  gradient  will 
provide  high  brightness  electron  beams  suitable  for 
applications  in  next  generation  linear  colliders  and 
in  short  wavelength  free  electron  lasers. 
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Abstract 

Recent  work  at  BNL  on  electron  acceleration  using  the  In¬ 
verse  Free- Electron  Laser  (IFEL)  has  considered  a  low-energy, 
high-gradient,  multi-stage  linear  accelerator.  Experiments  are 
planned  at  BNL’s  Accelerator  Test  Facility  using  its  50-MeV 
linac  and  100-GW  CO]  laser.  We  have  built  and  tested 
a  fast-excitation  wiggler  magnet  with  constant  field,  tapered 
period,  and  overall  length  of  47  cm.  Vanadium- Permendur  fer¬ 
romagnetic  laminations  are  stacked  in  alternation  with  copper, 
eddy-current-induced,  field  reflectors  to  achieve  a  1.4- T  peak 
field  with  a  4- mm  gap  and  a  typical  period  of  3  cm.  The  laser 
beam  will  pass  through  the  wiggler  in  a  low-loss,  dielectric- 
coated  stainless-steel,  rectangular  waveguide.  The  attenuation 
and  transverse  mode  has  been  measured  in  waveguide  sections 
of  various  lengths,  with  and  without  the  dielectric.  Results  of 
1-D  and  3-D  IFEL  simulations,  including  wiggler  errors,  will 
be  presented  for  several  cases:  the  initial,  single-module  ex¬ 
periment  with  AE  =  39  MeV,  a  four-module  design  giving 
AE  —  100  MeV  in  a  total  length  of  2  m,  and  an  eight-module 
IFEL  with  AE  =  210  MeV. 

I.  IFEL  ACCELERATOR  DESIGNS 

An  inverse  free-electron  laser  (IFEL)  accelerates  an  elec¬ 
tron  beam  through  its  interaction  with  high-power  laser 
radiation  and  a  periodic  wiggler  field.  This  concept  has 
been  pursued  at  Brookhaven  National  Laboratory  for  several 
years  [1-4],  most  recently  in  the  form  of  low-energy  (<  1  GeV), 
high-gradient,  multistage,  linear  accelerators  [5]. 

Three  sets  of  IFEL  parameters  are  presented  in  Table  1. 
All  use  constant-field  wigglers  (described  in  the  following 
section),  assembled  in  60-cm-long  modules.  In  an  initial 
demonstration  of  IFEL  acceleration  [6],  a  single-stage  IFEL 
will  be  tested  with  the  50-MeV  electron  beam  at  Brookhaven’s 
Accelerator  Test  Facility  (ATF),  which  offers  a  high-brightness 
50-MeV  electron  beam  and  a  high-power  picosecond  CO2  laser. 
Assuming  that  a  200-GW  peak  power  in  a  6-ps  pulse  will  then 
be  available  (20  GW  in  30  ps  has  been  demonstrated  to  date, 
but  shorter  pulses  with  higher  powers  are  under  development), 
an  acceleration  gradient  of  83  MV/m  should  result.  Extending 
this  design  to  eight  modules  and  higher  laser  power  gives  an 
exit  energy  of  257  MeV.  A  third  set  of  parameters  [7]  responds 
to  the  challenge  presented  at  the  Port  Jefferson  Workshop  on 
Advanced  Accelerator  Concepts  (June  1992),  for  an  energy 
increase  of  100  MeV  in  a  total  length  of  2  m,  by  using  four 
modules  and  a  relatively  modest  laser  power  of  100  GW. 

II.  FAST-EXCITATION  WIGGLER 

To  maintain  synchronism  as  an  electron  accelerates  in  a 
laser  field  with  a  constant  wavelength  A  j,  the  wiggler  must 
be  tapered.  The  taper  can  be  accomplished  while  holding 


the  wiggler  parameter  Kv,  the  period  Aw,  or  the  field  fiw 
fixed.  The  choice  is  restricted  by  the  maximum  practical 
wiggler  field  and  the  minimum  wiggler  period.  The  maxi¬ 
mum  rate  of  acceleration,  averaged  over  the  full  accelerator 
length,  is  obtained  for  a  constant- Bw  accelerator  [5],  and  this 
choice  is  made  for  the  IFELs  in  Table  1.  Although  such  a 
structure  could  be  constructed  using  permanent  magnets,  the 
variable  period  would  be  costly  and  difficult  to  adjust.  In¬ 
stead,  we  have  developed  a  fast-excitation  electromagnet  [8-10] 
with  stackable,  geometrically  alternating  substacks  of  identi¬ 
cal  ferromagnetic  (Vanadium  Permendur,  VaP)  laminations, 
assembled  in  (Aw/4l-tbickness  substacks  separated  by  non¬ 
magnetic  laminations  (Fig.  1).  Four  straight  conductive  rods, 
parallel  to  the  axis  and  interconnected  only  at  the  ends  of 
the  assembly,  constitute  the  single  loop  that  drives  the  wig¬ 
gler.  The  stacks  are  easily  assembled,  are  compressed  by 
simple  tie  rods,  and  allow  any  combination  of  wiggler  peri¬ 
ods.  A  dramatic  improvement  results  from  using  copper  for 
the  nonmagnetic  laminations,  so  that  the  induced  fields  from 
the  eddy  currents  uncouple  the  wiggler 's  “up”  fields  from  the 
“down”  fields.  These  “field  reflectors”  significantly  enhance 
the  maximum  achievable  field  on  axis. 

Both  two-dimensional  mesh  computations  (POISSON) 
and  measurements  of  short  wigglers  were  used  to  develop  the 
lamination  design.  Reference  [11]  presents  measurements  of 
a  full-length  prototype  with  a  tapered  period.  The  wiggler 
is  able  to  satisfy  the  requirements  of  Table  1.  Measurements 
with  a  constant  period  of  3.75  cm  [12]  found  an  rms  field 
error  of  under  0.15%  and  low  harmonic  content  (3%  in  the  3rd 
harmonic). 

III.  C02  LASER  WAVEGUIDES 

Since  the  wiggler  gap  is  4  mm,  the  maximum  practical 
inside  diameter  for  a  beam  pipe  through  the  wiggler  is  3  mm. 
If  a  Gaussian  laser  beam  is  focused  to  a  1-mm  radius  wo 
(where  the  power  drops  by  e-2),  then  the  corresponding 
Rayleigh  length  zr  is  30  cm.  Waveguiding  can  occur  even 
in  the  47-cm  length  of  the  wiggler  for  the  single-stage  IFEL, 
since  the  free-space  beam  radius  u>  (z)  will  exceed  the  aperture 
of  the  waveguide.  In  a  multistage  IFEL,  waveguiding  will  be 
unavoidable- and  helpful  in  confining  the  beam.  Consequently, 
we  are  investigating  the  mode  structure  and  attenuation  in 
COj-laser  waveguides. 

Our  present  design  uses  rectangular  stainless-steel  guides, 
with  an  inside  cross  section  of  2.8  mm  x  2.8  mm.  Stainless 
has  good  vacuum  properties  and  a  conductivity  low  enough 
to  allow  penetration  of  the  pulsed  wiggler  field.  To  reduce 
the  expected  attenuation,  some  of  the  test  waveguides  were 
prepared  (following  Zakowics  [13])  with  a  1/4-wavelength 
dielectric  coating  (germanium)  deposited  on  two  opposite 
inner  walls,  in  order  to  reduce  surface  currents.  Subsequently, 
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it  «u  realised  that  this  model  strictly  applies  at  lower 
frequencies,  where  the  metal  walls  can  be  treated  as  nearly 
perfect  conductors.  At  infrared  wavelengths  and  glancing 
angles,  the  metal  behaves  mostly  as  a  dielectric,  and  the  wall 
losses  are  greatly  reduced,  even  without  the  germanium. 

To  investigate  coupling  into  the  waveguides,  transmission 
loss,  and  transverse  mode  structure,  right  test  guides  were 
built,  half  with  the  germanium  coating.  Six  guide  sections 
were  10-inches  (254- mm)  long;  two  were  5-inches  (127-mm) 
long.  All  had  precision  alignment  pins  and  sockets  to  permit 
accurate  assembly  of  lengths  of  up  to  35  inches  (889  mm)  of 
either  coated  or  uncoated  guide.  The  beam  was  focused  to 
a  Gaussian  waist  with  an  adjustable  radius  at  the  entrance 
to  the  first  guide.  The  beam  profile  was  measured  using  a 
pyroelectric  vidicon  TV  camera  and  a  digital  frame  grabber. 

The  coupling  tests  demonstrated  optimum  coupling  near 
a  waist  radius  of  1.0  mm.  The  transmission  (including  both 
coupling  and  attenuation  losses)  ranged  between  80  and  95%, 
measured  with  lengths  from  10  to  35  in,  for  entering  waists 
of  1.0  and  1.3  mm,  and  for  both  coated  and  uncoated  guides. 
In  all  cases,  the  transmission  of  the  coated  guide  was  zs2% 
greater  than  the  uncoated  guide.  For  the  longest  length  tested 
(35  in),  the  best  result  was  88%  for  the  coated  guide  with  a 
1-nun  entering  beam  radius. 

To  measure  the  transverse  beam  profile  versus  distance, 
the  camera  was  placed  within  a  few  millimeters  of  the  exit 
for  guides  of  various  lengths.  Fig.  2  shows  that  when  no 
guide  was  present,  the  beam  diverged  according  to  zr,  but 
within  a  guide,  the  beam  radius  decreased  and  oscillated  about 
a  smaller  value,  suggesting  that  some  of  the  energy  was  in 
higher-order  modes.  The  beam  sues  were  not  the  same  for  the 
coated  and  uncoated  guides.  Any  misalignment  of  the  beam 
entering  the  guides  or  of  the  junctions  between  guide  sections 
produced  a  mode  that  was  not  symmetric.  The  transmission 
was  much  less  sensitive  to  alignment. 

The  laser  power  must  be  efficiently  coupled  into  the 
desired  mode.  Approximating  with  an  overlap  integral,  Za- 
kowics  [13]  predicted  a  coupling  efficiency  of  95%  for  a  beam 
focused  at  the  guide  entrance  to  a  diameter  equal  to  71%  of 
the  guide  aperture.  To  determine  the  transition  region  over 
which  the  mode  becomes  established,  we  performed  a  series 
of  2-D  (zz)  scalar  diffraction  calculations  to  find  the  fields 
propagating  from  the  coupling  aperture.  The  mode  pattern 
transforms  from  the  input  Gaussian  to  a  stable  field  distri¬ 
bution  over  a  distance  which  is  comparable  to  zp.  For  our 
waist  sizes,  after  the  mode  has  stabilised  (in  about  50  cm), 
the  amplitude  typically  fluctuates  by  ±5%  and  the  phase  by 
±0.05  radian,  due  to  a  coupling  into  high-order  modes.  These 
calculations  suggest  a  90%  coupling  efficiency  into  the  de¬ 
sired  mode,  but  because  of  the  2-D  scalar  approximation,  the 
coupling  into  the  real  waveguides  may  not  be  as  pure. 


Table  Is  Simulation  parameters  for  the  single-module  IFEL 
experiment,  an  8-stage  IFEL,  and  an  IFEL  with  A E  = 
100  MeV. 


Single 

8-Stage 

108  MeV 

Electron  Beam 

Injection  energy 

48.9 

48.9 

49 

MeV 

Exit  energy 

88.0 

256.9 

150 

MeV 

Mean  gradient 

83 

53 

50 

MV/m 

Charge 

1 

1 

1 

nC 

Peak  current 

100 

100 

100 

A 

Emittance  <B  (<r) 

7x 

7* 

7tr 

/Am 

Radius  (cr) 

0.3 

0.3 

0.3 

mm 

Wiggler 

Number  of  modules 

1 

8 

4 

Module  length 

60 

60 

60 

cm 

Total  wiggler  length 

47 

395 

200 

cm 

First  period 

2.86 

2.86 

2.86 

cm 

Last  period 

4.32 

9.08 

6.29 

cm 

Gap 

4 

4 

4 

mm 

Peak  field 

1.25 

1.25 

1.25 

T 

Laser 

Power 

200 

620 

100 

GW 

Peak  electric  field 

13.6 

24 

9.6 

GV/m 

Wavelength 

10.2 

10.2 

10.2 

/Am 

Pulse  length 

6 

6 

6 

p* 

’  W.  '9--  PWlilll  ■  ■  i  V 5  KT  I 

t- - LfWiggter)  =  48  cm 


IV.  IFEL  SIMULATIONS 

To  model  the  acceleration  process  in  a  waveguide  IFEL, 
we  have  developed  a  1-D  particle  simulation  code  incorporating 
self-consistently  the  longitudinal  electron  dynamics  and  the 
laser  field.  The  code  also  takes  into  account  the  properties 
of  a  realistic  electron  beam,  i.e.,  finite  radius,  emittance  and 
energy  spread.  Subsequently,  the  multiparticle-simulation  linac 
code  PARMELA  [14]  was  modified  to  simulate  the  full  3-D 
aspects  of  the  IFEL  interaction.  The  electron  beam  dynamics 
include:  (a)  an  arbitrary  initial  electron  distribution  in  “trace” 


Figure  1:  The  fast-excitation,  variable-period  wiggler.  The 
lower  portion  shows  the  VaP  laminations  configured  for  the 
two  field  polarities. 


space  ( z,dx/dz,y,dy/dz ,)  determined  by  the  Twiss  parameters 
<*z,0x,<Xy,0y  and  the  transverse  emittances  e*  and  ty;  (b) 
an  arbitrary  longitudinal  initial  electron  distribution  in  phase 
A  and  energy  W\  (c)  a  realistic  piecewise-constant  tapered 
wiggler,  allowing  for  both  horizontal  and  vertical  focusing. 
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OPTICAL  WAX  KAMI*  (aa) 


Figure  It  Beam  radius  u  at  the  exit  of  stainless-steel 
waveguides  of  various  lengths,  with  and  without  a  germanium 
coating,  for  beam  waist  radius  uo  of  1.0  mm  at  the  guide 
entrance.  The  radius  without  a  waveguide  is  also  shown. 
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Figure  3>  A  3-D  simulation  of  the  evolution  of  the  energy 
spectrum  in  the  early  portion  of  the  multistage  accelerator. 


The  results  of  these  calculations  are  given  more  fully 
in  Reference  [7].  The  transverse  phase  space  at  the  end  of 
the  wiggler  shows  some  emittance  growth  in  the  horisontal 
plane  and  two  well  defined  groups  of  electrons  (accelerated 


and  non- accelerated)  in  the  vertical  plane;  the  omittances  are 
comparable  to  the  initial  value.  The  evolution  of  the  energy 
spectrum  along  the  wiggler,  in  Fig.  3,  clearly  illustrates  the 
fraction  of  accelerated  electrons  (»50%). 

For  the  eight-stage  IFEL  of  Table  l,  the  1-D  simulation 
code  was  used  to  optimise  the  sequence  of  tapered  wigglers  for 
a  given  laser  power,  resonance  phase  angle  and  peak  wiggler 
field.  The  vertical  transverse  focusing  action  of  the  planar 
wiggler  was  taken  into  account.  Instead  of  shaping  the  wiggler 
poles  for  horisontal  focusing,  external  focusing  was  added. 

V.  CONCLUSION 

The  study  of  the  IFEL  accelerator  is  continuing  with 
near-term  emphasis  on  low-loss  guide  development,  transverse 
and  longitudinal  phase  space  transport  and  the  further  opti¬ 
misation  of  a  multimodule  1-GeV  accelerator.  For  a  single 
demonstration  stage,  aimed  at  approximately  doubling  the 
beam  energy,  a  CO]  laser  power  of  1011  W  is  satisfactory. 
A  cascaded  IFEL  accelerating  to  1  GeV  would  require  a 
laser  power  of  101J  W  to  make  the  overall  device  technically 
competitive. 

We  wish  to  acknowledge  the  assistance  of  T.  Romano  and 
J.  Armen daris  (wiggler  measurements),  and  of  S.  Coe  and  M. 
Weng  (waveguide  measurements). 
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Abstract 

High  gradient  acceleration  can  be  achieved 
in  a  free-space  laser  particle  accelerator  by 
generating  an  interference  pattern  in  the  laser 
wave  in  which  electrons  move  in  phase  with  the 
laser  in  regions  of  constructive  interference  and 
out  of  phase  in  regions  of  destructive  interference. 
The  desired  interference  pattern  is  created  by 
proper  design  of  a  holographic  grating  on  the 
surface  of  the  entrance  optic.  The  approach  for 
designing  such  a  system  is  described  and 
examples  are  presented. 

I.  INTRODUCTION 

Laser  particle  acceleration  (LPA)  is  a 
promising  method  for  high-gradient  acceleration. 
The  most  difficult  aspect  of  LPA  is  phase  match¬ 
ing  between  the  laser  wave  and  the  electron 
beam.  Proposed  solutions  have  either  introduced 
gaseous  or  plasma  media  into  the  interaction 
region,  or  else  have  conditioned  the  electron  beam 
(using  a  magnetic  wiggler)  or  the  light  wave 
(using  evanescent  waves  from  a  nearby  grating). 
A  recently  proposed  alternative  is  to  operate  in 
vacuum  and  limit  the  length  of  the  laser-e-beam 
interaction  region  [1].  Such  free-space  acceler¬ 
ation  does  not  require  exact  phase  matching 
between  electrons  and  the  light  wave.  A  novel 
approach  is  examined  here  that  creates  an 
interference  pattern  which  achieves  both  high 
acceleration  gradient  and  reduced  laser  intensity 
on  optical  surfaces. 

II.  PHYSICAL  ARRANGEMENT 

The  arrangement  of  one  section  of  a  free 
space  accelerator  is  shown  in  Figure  1.  This 
geometry  is  axisymmetric  and  the  laser  beam  axis 
coincides  with  the  electron  beam  path.  The 
incoming  laser  beam  is  annular  and  radially- 
polarized  and  has  been  prefocused  by  an  axicon 
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mirror.  The  entrance  optic,  nominally  a  flat  mirror 
with  a  central  hole  for  passage  of  electrons, 
reflects  the  incoming  laser  wave  through  the 
interaction  zone  (shown  as  a  shaded  area  in  the 
Figure).  This  zone  is  terminated  downstream  by 
the  exit  optic,  another  flat  mirror  with  a  central 
hole.  As  described  later,  the  surface  of  the 
entrance  optic  will  be  suitably  engraved  with  a 
holographic  grating  surface  to  achieve  the  desired 
interference  pattern  in  the  e-beam  path. 


Figure  1.  Basic  laser-e-beam  interaction  zone 
design. 

In  some  ways  this  arrangement  resembles  a  cavi¬ 
ty.  Note,  however,  that  the  surfaces  at  each  end 
c  not  be  perfectly  flat  mirrors  else  no  net  accel¬ 
eration  can  occur.  The  actual  surface  shape  will  be 
discussed  briefly  in  Section  V. 

III.  ELECTRIC  FIELD  "DESIGN" 

By  limiting  the  length  of  the  interaction 
zone,  net  acceleration  can  occur  even  though  the 
electrons  slip  relative  to  the  laser  wavefronts. 
This  was  shown  in  Reference  [1];  although,  no 
attempt  was  made  there  to  improve  performance 
by  tailoring  the  intensity  and  phase  structure  of 
the  incoming  laser  wave.  The  objective  here  is  to 
design  the  electric  field  structure  with  two 
purposes  in  mind:  (1)  maximize  the  energy  gain 
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for  a  given  laser  power,  and  (2)  minimize  the  peak 
laser  intensity  on  optical  surfaces. 

The  approach  here  is  to  assume  a  desired 
longitudinal  electric  field  structure  on  the 
geometric  axis 

Ez  (r  =  0,  z)  =  F(z)  sin  (k^z)  ci0)t,  (l) 

where  F(z)  is  the  envelope ,  the  sine  function 
gives  the  phase  structure,  and  (0  is  the  laser 
frequency.  The  envelope  function  is  assumed 
symmetric  about  z  =  U 2,  where  the  interaction 
zone  in  Figure  1  is  between  the  range  0  <  z  <  L. 
In  order  to  realize  propagating  waves  that  cross 
the  geometric  axis,  the  propagation  constant  kM 
must  be  less  than  k  s  a Vc.  The  phase  factor  is 
assumed  to  have  the  same  symmetry  about  z  = 
LI 2  and  to  vanish  at  the  boundaries  (consistent 
with  low  laser  intensity  at  the  optical  surfaces). 
Thus,  k^  =  (2N-\)idL,  where  N  is  an  integer.  The 
given  field  structure  can  be  Fourier  analyzed  using 
a  sine  series  on  the  interval  0  <  z  <  L.  Then  the 
electric  field  on  axis  can  be  expressed  in  terms  of 
Fourier  modes: 


E*  =  X  Aj  sin  ( Kiz) (2) 

M 

where  Aj  is  the  amplitude  and  Kj  is  the  propaga¬ 
tion  constant  for  each  mode,  Kj  =  (2j-l)nlL.  Only 
odd  harmonics  are  used  because  the  function  is 
symmetric  about  z  =  L/2.  Indeed  only  input 
functions  with  this  symmetry  property  are  of 
interest  since  only  the  odd  harmonics  produce  net 
acceleration. 

Given  the  Ez  structure  on  axis  (Eq.  2),  the 
corresponding  electromagnetic  field  structure 
elsewhere  can  be  found  using  familiar  Bessel 
function  solutions.  Assuming  only  that  the  fields 
are  axisymmetric  and  radially  polarized: 

oo 

Ez  (r,z,t)  =  X  AjJ0  (a/)  sin  ( Kjz)  ei(0t,  (3) 

oo 

Er  ( r,z,t )  =  X  Aj  a7  Jl  iaJr) cos  iKJz) tim-  W 
/= i  J 

The  factors  aj  and  Kj  are  the  radial  and 
longitudinal  components  of  the  wave  vector  for 


each  mode  and  are  related  as  follows: 

of  +  =  k2,  (5) 

where  k  =  2nl X,  and  X  is  the  laser  wavelength. 

Using  these  electric  fields  and  making  the 
Bom  approximation,  the  energy  gain  by  an  on-axis 
electron  traversing  the  interaction  region  is 


AW  =  eL^Aj  ( Wq  cos  yfO  +  Wsj  sin  v^o).  (6) 
M 


where  y/0  is  the  electron  entrance  phase  (z  =  0);  e 
is  the  electron  charge;  and 


~  COS  <7/  -  1 


WCj  = 


2  Oj 


;  wSj  = 


sin  Oj 
2  oj  ; 


OjsX±(2j-\)n. 


(7) 

(8) 


Here  fi  is  the  relativistic  parameter.  The  ±  in  Eq.  8 
indicate  left  and  right  moving  waves,  respectively. 
[The  sin(kMz)  phase  structure  includes  both.] 
Only  right  moving  waves  (+  z  direction)  need  be 
considered  since  only  they  cause  significant 
acceleration  of  right  moving  electrons. 


IV.  PERFORMANCE  IN  EXAMPLE  CASES 


The  acceleration  and  other  properties  are 
found  for  the  following  example  envelope  function, 

F  (z)  =  sin  (jtz/L)  sin2  (Niitz/L) ,  (9) 

where  Nl  is  the  number  of  lobes  desired  in  the 
interference  pattern.  Figure  2  shows  the  electric 
field  on  the  axis  for  a  particular  example.  This 
example  has  a  relatively  short  interaction  zone 
( LlX  =  108)  and  a  steep  principal  crossing  angle 
(8m  =  397  mrad,  where  km/k  =  cos 9m).  Given 
L/X,  an  optimal  combination  of  N  and  N i  was 
chosen  so  that  the  electron  with  the  proper  initial 
phase  will  be  in  phase  with  the  wave  in  the 
regions  of  high  field  amplitude  (constructive 
interference)  and  out  of  phase  in  the  regions  of 
low  amplitude  (destructive  interference). 

The  electric  fields  at  the  entrance  optic  for 
the  same  case  are  shown  in  Figure  3.  The  fields 


2582 


shown  are  actually  those  on  a  viewing  cone  at  an 
angle  which  minimizes  the  apparent  phase 


Figure  2.  Ez  on  axis  for  the  case  UX  -  108, 

N  =  100,  Nl  =  8. 

variation  (modulation)  of  the  wave.  The  electric 
field  scale,  Eq,  is  the  same  as  in  the  beam  path 
shown  in  Figure  2.  Here  the  radial  scale  is  a  = 
L/cos6m;  a  ray  of  light  at  the  principal  crossing 
angle  passing  through  r  »  a  at  z  =  0  will  cross 
the  axis  at  z  =  L. 


Figure  3.  Fields  at  entrance  optic  (on 
viewing  cone:  r  =  scos$p,z  =  s  sin 0p  (0  < 
s  <  a)  where  Bp  =  85.2  mrad  is  the 
crossing  angle  of  the  last  propagating 
mode  0  =  108). 

In  this  example  the  maximum  electric  field  on  the 
entrance  optic  is  Emax  -  0.89 E0,  i.e.  it  is  slightly 
less  than  the  nominal  peak  acceleration  field 
experienced  by  the  electron  (Fig.  2). 


Examples  of  this  concept  are  summarized 
in  Table  I  based  upon  a  0X32  laser.  Evidently, 
high  acceleration  gradients  of  hundreds  of  GeV/m 
over  single  section  lengths  of  order  1  cm  are 
possible.  These  examples  also  have  reduced  laser 
intensity  at  optical  surfaces;  the  maximum  electric 
field  at  the  entrance  optic  is  less  than  the 
accelerating  field  in  the  electron  path. 


Table  I.  Examples  for  10.2  p.m  Laser  Wavelength. 


L  (cm) 

a  (cm) 

PL 

<T>  W 

Emtx 

Eo 

0.42 

0.11 

50  GW 

470 

0.55 

1.04 

0.18 

50  GW 

190 

0.95 

1.04 

0.18 

1TW 

850 

0.95 

1.04 

0.18 

10  TW 

2700 

0.95 

V.  DISCUSSION 


The  examples  here  show  that  properly 
designed  interference  patterns  allow  electrons  to 
effectively  remain  in  phase  with  a  laser  wave  over 
significant  distances.  The  question  then  is  how  to 
produce  input  waves  with  electric  field  patterns 
like  that  shown  in  Figure  3.  This  is  possible  by 
(1)  optically  modifying  the  incoming  laser  beam 
intensity  pattern  and  (2)  engraving  the  proper 
holographic  grating  structure  on  the  entrance 
optic.  Since  the  required  electric  field  distribution 
can  be  analytically  calculated,  the  necessary  holo¬ 
graphic  structure  can  also  be  numercially  com¬ 
puted.  Computer  controlled  diamond  machining 
can  then  be  used  to  cut  the  holographic  structure 
on  the  entrance  optic.  Similarly,  a  holographic 
grating  on  the  exit  optic  can  be  used  to  convert  the 
laser  beam  back  into  one  that  can  be  recycled  for 
another  interaction  with  the  e-beam. 

Future  work  on  this  concept  will  address 
several  topics:  (1)  optimization  of  the  design  for  a 
single  interaction  cell  and  (2)  recycling  the  laser 
beam,  i.e.,  collecting  and  reinjecting  the  exit  laser 
wave  into  the  adjacent  interaction  cell.  (See 
Figure  1). 
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Abstract  -  The  axial  velocity  spread  for  a  gyrating 
electron  beam  produced  by  cyclotron  autoresonant  ac¬ 
celeration  is  determined.  The  parameter  range  chosen 
for  analysis  is  that  of  interest  in  harmonic  generation 
of  cm- wavelength  radiation  to  drive  a  next-generation 
electron-positron  collider. 


I.  Introduction 

The  cyclotron  autoresonant  accelerator  (CARA) 
may  have  application  as  a  compact,  low-energy  in¬ 
jector  for  a  high-gradient  accelerator  or  for  use  in  a 
source  of  radiation  that  requires  low-energy  electrons. 
Recent  calculations  of  the  efficiency  for  production 
of  rf  power  at  a  harmonic  of  the  rotation  frequency 
for  an  electron  beam  prepared  using  a  CARA  show 
that  good  beam  quality  is  important  for  achieving 
high  efficiency.1  For  example,  when  a  nonlinear  (reso¬ 
nant)  taper  in  magnetic  field  is  employed  in  the  har¬ 
monic  convertor,  5-th  harmonic  conversion  efficiency 
at  14.25  GHz  was  predicted  to  fall  from  70%  to  30% 
when  the  axial  velocity  spread  was  increased  from  zero 
to  2%  in  a  7  A,  150  kV  electron  beam.  It  is  thus  crucial 
to  understand  the  origins  of  finite  velocity  spread  dur¬ 
ing  cyclotron  autoresonant  acceleration,  in  order  to 
design  accelerators  capable  of  producing  beams  with 
spreads  below  1%.  This  paper  presents  preliminary 
results  of  a  numerical  study  of  the  evolution  of  axial 
velocity  spread  during  acceleration  by  a  CARA  oper¬ 
ating  in  the  TEu  mode  at  S-band. 

Prior  theoretical  studies  of  the  acceleration  process3 
have  shown  that  rapid  trapping  of  particles  occurs 
at  the  resonant  phase3,  that  substantial  energy  gain 
can  be  obtained4,  but  that  a  practical  upper  limit 
to  beam  energy  will  exist  when  a  fast  wave  rf  ac¬ 
celerating  field  is  employed5.  If  an  accelerating  field 
with  a  phase  velocity  equal  exactly  to  the  light  ve¬ 
locity  is  employed  then-in  principle-unlimited  accel¬ 


eration  can  occur.  Means  for  arranging  this  in  prac¬ 
tice  include  the  use  of  dielectrically-lined  waveguides 
or  coaxial  waveguides  operating  in  the  TEM  mode. 
For  the  former,  acceleration  gradients  determined  in 
our  analysis  to  date  have  been  smaller  than  those  for 
fast  wave  unlined  waveguides.  For  the  latter,  elemen¬ 
tary  considerations  show  that  axicentric  orbits  expe¬ 
rience  acceleration  to  an  energy  no  greater  than  the 
potential  drop  between  the  inner  and  outer  conduc¬ 
tors.  For  properly  phased  electrons  with  fixed,  small 
off-axis  displacement  of  guiding  centers,  the  energy 
increases  with  time  like  i3/5  in  the  asymptotic  limit. 
This  is  to  be  compared  with  the  t3/3  scaling  for  the 
conventional  autoresonance  acceleration.  As  a  result, 
consideration  here  will  be  limited  to  fast-wave  accel¬ 
erators  for  producing  20-100  MW  beams  in  the  energy 
range  up  to  1  MeV  for  use  in  the  harmonic  generation 
of  cm- wavelength  radiation  to  drive  a  next-generation 
electron-positron  collider.  In  this  paper  we  present  re¬ 
sults  from  time-dependent  simulation  of  the  CARA  to 
illustrate  the  quality  of  the  electron  beam  generated, 
as  measured  by  the  axial  velocity  spread. 


II.  Numerical  Results 

The  simulation  results  presented  here  are  obtained 
by  following  the  motion  of  a  group  of  100  electrons 
in  the  field  of  a  TEu  mode  in  a  circular  waveguide 
which  is  immersed  in  a  guide  magnetic  field.  The  am¬ 
plitude  of  the  rf  field  is  assumed  to  vary  slowly  due 
to  beam  loading  of  the  circuit.  The  guide  field  is  ta¬ 
pered  along  the  z  axis  in  order  to  maintain  resonance, 
i.e.,  Oo/7  =  u>(l  —  nf}x),  where  Oo  =  \e\Bolmc  is  the 
gyrofrequency  in  the  axial  component  of  the  guide 
field  Bq(z),  e  is  the  charge  and  m  is  the  mass  of  an 
electron,  c  is  the  vacuum  speed  of  light,  7  is  the  rela¬ 
tivistic  mass  factor,  /?,  =  vx/c  is  the  ratio  of  the  axial 
velocity  to  c,  u>  is  the  rf  frequency  and  n  =  c/( u>/ kx)  is 
the  refractive  index  for  the  waveguide  mode  with  ax¬ 
ial  wavenumber  kz.  Tapering  of  the  axial  component 
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of  the  guide  field  implies  the  presence  of  transverse 
components  since  the  magnetic  field  is  solenoidal  and 
approximately  irrotational.  The  Lorents  equations 
of  motion  for  the  electrons  are  simplified  by  retain¬ 
ing  only  the  resonant  terms  and  integrated  by  a  4-th 
order  Runge-Kutta  method,  using  104  mesh  points. 
The  slow-scale  spatial  variation  of  the  rf  is  expressed 
as  exp{t  Jq  dz'[AJb(z<)  -f  *r(z')]},  where  Afc(z)  is  the 
wavenumber  shift  and  r(z)  is  the  damping  rate.  The 
slow-scale  Maxwell  equations  then  lead  to  explicit  ex¬ 
pressions  for  AJfc(z)  and  T(z).  The  electrons  enter  the 
waveguide  as  a  pencil  beam  consisting  of  axicentric 
orbits,  but  with  finite  emittance.  The  parameters  for 
the  simulation  results  presented  here  are  shown  in  Ta¬ 
ble  1.  The  initial  emittance  value  of  14.14  mm-mrad 
is  twice  the  ideal  emittance  for  a  50  A  beam  drawn 
from  a  5  cm3  thermionic  cathode  at  a  temperature  of 


0.16  eV. 

, _ Table  T 


Frequency  u>/2 w 

2.85 

GHz 

Input  Power 

50 

MW 

Waveguide  Radius 

8.824 

cm 

Refractive  Index 

0.937 

Waveguide  Length 

168 

cm 

Initial  Energy 

100 

keV 

Final  Energy 

1 

MeV 

Current 

50 

A 

Initial  Normalised  Emittance 

14.14 

mm-mrad 

Initial  Beam  Radius 

0.638 

mm 

Final  Beam  Radius 

2.7 

cm 

Initial  Axial  Velocity  Spread 

0.015 

% 

Final  Axial  Velocity  Spread 

0.11 

% 

Initial  Magnetic  Field 

0.592 

kG 

Final  Magnetic  Field 

1.45 

kG 

Table  1:  Parameters  for  simulation  of  CAEA  at 
S-band. 


The  waveguide  radius  is  chosen  to  be  large  enough 
so  that  the  refractive  index  is  close  to  unity  and,  there¬ 
fore,  the  interaction  is  close  to  autoresonance.  As  a 
consequence  the  waveguide  is  somewhat  overmoded 
and  supports  all  TE  and  TM  modes  through  TMjj. 
However,  other  simulations  show  that  CAEA  opera¬ 
tion  below  cutoff  for  the  TMu  mode  is  also  possible. 


0  84  168 


z  (cm) 

Fig.  1:  Eesults  from  numerical  simulation  of 
CAEA  operating  at  S-band  with  100  keV 
initial  electron  energy,  (a)  Mean  beam  rel¬ 
ativistic  factor;  <>  indicates  an  average 

over  the  electron  distribution,  (b)  Mean 
beam  gyroradius.  (c)  Ratio  of  gyrofre- 
quency  to  rf  frequency. 
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RMS  Spread  In  VZ/<VZ>  (%)  RF  Power  (dB) 


Fig.  2:  Results  from  numerical  simulation  of 
CARA  operating  at  S-band  with  100  keV 
initial  electron  energy,  (a)  Mean  beam  a. 
(b)  Depletion  of  rf  power,  (c)  Ratio  of 
root-mean-square  spread  in  axial  velocity 
to  mean  axial  velocity. 


Figures  1(a),  (b)  and  (c)  show  the  mean  7  (averaged 
over  the  ensemble  of  electrons),  the  mean  gyroradius, 
p  =  7VJ./O0  where  t>x  is  the  transverse  component 
of  the  electron  velocity,  and  the  ratio  of  the  gyrofre- 
quency  to  the  rf  frequency,  flo/o/,  all  as  functions  of 
axial  distance  2.  (In  the  figures,  <>  indicates  the 
average  over  the  electron  distribution.)  Figure  1(a) 
shows  that  the  beam  energy  increases  to  about  1  MeV 
in  a  distance  of  168  cm.  Beyond  ~  100  cm,  the  rise 
in  energy  is  principally  directed  into  the  transverse 
component  of  the  electron  velocity.  To  maintain  res¬ 
onance  this  is  accompanied  by  a  rise  in  the  magnetic 
field  which  tends  to  reduce  the  axial  electron  veloc¬ 
ity  due  to  the  transverse  components  of  the  magnetic 
field.  This,  in  turn,  leads  to  a  further  rise  in  the 
field  to  preserve  the  resonance.  The  net  effect  is  the 
rapid  rise  observed  in  Fig.  1  (c)  and  is  responsible 
for  restraining  the  beam  radius  from  approaching  the 
waveguide  radius,  as  indicated  in  Fig.  1(b). 

Figure  2(a)  shows  the  increase  in  the  mean  beam 
a  =  t>x/«*  as  the  electrons  are  accelerated.  The  accel¬ 
eration  process,  of  course,  leads  to  depletion  of  the  rf 
power  down  the  waveguide,  as  shown  in  Fig.  2(c).  Fi¬ 
nally,  the  root-mean-square  (rms)  spread  in  the  axial 
velocity  of  the  electrons,  normalized  to  the  mean  axial 
velocity,  is  shown  in  Fig.  2(c).  It  is  observed  that  the 
spread  in  the  axial  velocity,  which  is  the  key  figure-of- 
merit  in  evaluating  the  quality  of  the  beam  for  radia¬ 
tion  generation  purposes,  is  much  smaller  than  1%. 

III.  Conclusion 

We  have  presented  some  preliminary  numerical  re¬ 
sults  for  a  >  95%  efficient  CARA  operating  at  S-band. 
In  particular,  we  have  shown  that  the  quality  of  the 
electron  beam  generated  by  this  accelerator,  as  mea¬ 
sured  by  the  axial  velocity  spread  on  the  beam,  is 
consistent  with  the  requirement  for  efficient  genera¬ 
tion  of  cm-wavelength  radiation  in  a  5-th  harmonic 
converter. 
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Abstract 

Here,  an  idea  of  using  a  visible  light  wave  to  accel¬ 
erate  relativistic  particles  via  the  inverse  FEL  mecha¬ 
nism  is  explored.  A  strain  modulated  crystal  structure  - 
the  superiattice,  plays  the  role  of  a  microscopic  undula- 
tor  providing  very  strong  ponderomotive  coupling  be¬ 
tween  the  beam  and  the  light  wave.  Purely  classical 
treatment  of  relativistic  protons  channeling  through  a 
superiattice  is  performed  in  a  self  consistent  fashion  in¬ 
volving  the  Maxwell  wave  equation  for  the  accelerating 
electromagnetic  field  and  the  relativistic  Boltzmann 
equation  for  the  protons.  It  yields  the  accelerating  effi¬ 
ciency  in  terms  of  the  negative  gain  coefficient  for  the 
amplitude  of  the  electromagnetic  wave  -  the  rate  the  en¬ 
ergy  is  extracted  from  the  light  by  the  beam.  Presented 
analytic  formalism  allows  one  to  find  the  acceleration 
rate  in  a  simple  closed  form,  which  is  further  evaluated 
for  a  model  beam  -  optical  cavity  system  to  verify  fea¬ 
sibility  of  this  scheme. 

I.  INTRODUCTION 

The  main  idea  of  using  a  modulated  crystal  struc¬ 
ture  as  an  undulator  is  illustrated  schematically  in 
Figure  1.  A  beam  of  relativistic  particles  while  channel¬ 
ing  through  the  crystal  follows  well  defined  trajectories. 
The  particles  are  periodically  accelerated  perpendicular  to 
their  flight  path  as  they  traverse  the  channel.  The  undu¬ 
lator  wavelengths  typically  fall  in  the  range  50-500  A, 


Figure  1  Center  of  the  channeling  trajectory  in  [1 10] 
direction  in  a  strain-modulated  superiattice. 


Furthermore,  the  electrostatic  crystal  fields  involve  the 
line  averaged  nuclear  field  and  can  be  two  or  more  orders 
of  magnitude  larger  than  the  equivalent  fields  of  macro¬ 
scopic  magnetic  undulatots.  Both  of  these  factors  hold 
the  promise  of  greatly  enhanced  coupling  between  the 
beam  and  the  accelerating  electromagnetic  wave. 


II.  SUPERLATTICE  CHANNELING 


One  can  describe  a  high  intensity  proton  beam  in 
terms  of  a  classical  distribution  function,  f(p,  x,  t), 
governed  by  the  relativistic  Boltzmann  equation.  The 
transverse  dynamics  of  relativistic  protons  propagating 
in  a  strain  modulated  superiattice  is  modeled  by  a  har¬ 
monic  crystal  field  potential1  and  leads  to  generation  of 
a  transverse  current.  This  couples  the  Vlasov  equation 
to  the  Maxwell  wave  equation.  Therefore,  presented 
problem  reduces  to  a  self  consistent  solution  of  the 
Vlasov  and  the  wave  equations. 

Collective  behavior  of  a  particle  beam  channeling 
along  the  z  axis  can  be  described  in  terms  of  the  rela¬ 
tivistic  Vlasov  equation 


Here  A  is  a  vector  potential  of  an  electromagnetic  field 
and  0  is  a  phenomenological  harmonic  crystal-field  po¬ 
tential3,  which  describes  both  transverse  focusing  of  the 
beam  and  longitudinal  modulation  of  the  minimum  of 
the  harmonic  potential  well. 


4>  =  4>0+ 


X,  cos 


(2) 


where  g  =  2v.lt,  (is  the  strain  modulation  periodicity 
and  x,,  t,,  %  toe  parameters  of  the  potential. 

Eq.  (1)  will  be  treated  iteratively  and  only  linear 
terms  in  the  A-field  will  be  retained.  In  the  0-th  order 
solution  A  =  0,  and  the  corresponding  distribution 
function  f  =  f<0)  is  obtained  from  the  solution  of 


df0)  df^  _  tf0> 

dt  +  my  3x°  e  dx°  dp“ 


(3) 


A  class  of  solutions,  f <0),  describing  a  beam  with  a 
sharply  peaked  initial  momentum  distribution,  A  can  be 
constructed  as  follows 


f<0)  =  n0  8(x  -  x(0))  8(px  -  p^  )A(pr  -  p0),  (4) 
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where  n0  is  a  concentration  of  particles  per  unit  area  of 
the  channeling  plane  and  the  steady  state  trajectory  is 
described  as  follows 

X(0)  =  "L--7  cos  (gz)  (5) 


one  can  model  the  effect  of  coupling  by  adding  a  small 
complex  part  is*  =  a*  +  ip*  to  the  k-vector,  here  a  is  a 
gain/loss  coefficient  and  (3  describes  a  small  shift  in  the 
phase  velocity  of  the  optical  mode.  Deamplification  of 
the  back  traveling  wave  can  be  summarized  by  the  fol¬ 
lowing  expression 


Here  U  =  g/kp,  where,  kg  is  a  focusing  strength  of  the 
crystal  channel  given  explicitly  below 


PrV 


(6) 


We  have  assumed  that  only  the  transverse  component  of 
the  A-field  is  present  and  =  A(z,  t).  We  seek  a  per¬ 
turbed  solution,  f<1),  in  the  following  form 

f<I)  =  n0$<x-x(0))8(pJl-p(°))h(z,pi.t)  ,  (7) 

where  b  describes  bunching  of  particles  due  to  the  pres¬ 
ence  of  the  A-field.  Substituting  Eqs.(4)-(7)  and  (2) 
into  Eq.(l)  leads  to  the  following  kinetic  equation  for  h 


OO 

^  Lr(V  )’  <"> 

— OO 


where 

v  =  mykc/px  +  k  -  g. 

(12) 

and 

03) 

Here, 

•W-CSf)’ 

(14) 

is  the  characteristic  form  occurring  in  diffraction  theory, 
with  the  principal  maximum  at  x  =  0. 


3h  +  A.3h  +  e  A.  gxi 

dt  mydz  cmy  1  -  Uz 


dA  dA  .  - 


The  inhomogeneous  term  in  the  above  equation 
plays  the  role  of  a  driving  force  representing  accelera¬ 
tion  of  the  particles  by  the  ponderomotive  force  due  to 
the  transverse  motion  (induced  by  the  crystal  field)  in 
the  presence  of  the  A-field.  The  resulting  transverse  cur¬ 
rent  couples  Eq.(8)  to  the  following  wave  equation 


/a2  j_a2 
Va?  c2  a? 


m.  ACCELERATION  RATE 

Imposing  resonant  condition,  v~  =  0,  in  Eq.(ll) 
fixes  the  wave  vector  of  the  optical  mode  as  follows 

g  =  mykc/pi  +  k  (15) 

One  can  notice  that,  apart  from  a  slowly  varying  func¬ 
tion  Q,  the  remaining  functions  occurring  in  the  inte¬ 
grand  in  Eq.(l  1),  namely,  A  and  T  are  sharply  peaked 
functions  of  momentum  characterized  by  the  respective 
widths: 


OO 


— OO 


Pz  gXl 
my  1  -  U 


7  sin  gz, 


(9) 


resulting  in  a  closed  system  of  equations  for  h  and  A. 
Here  the  A-field  can  be  identified  as  a  sum  of  the 
macroscopic  driving  field  and  a  self  consistent  electro¬ 
magnetic  field  propagating  in  the  crystal  structure.  We 
start  with  a  single  plane  wave  solution  of  arbitrary  to 
and  k  propagating  in  free  space  along  the  z  axis  in  both 
directions  and  use  it  as  a  0-th  order  iteration  step 

A®=A0e-,<a±,k2.  (10) 

Putting  A  =  A(°*  (left  and  right  propagating  waves)  in 
Eq.(9),  one  can  solve  it  analytically  for  h  =  h^’by 
constructing  a  Green's  function  with  the  appropriate 
boundary  conditions  built  in  it.  The  solutions  for 
A(^(z)  can  be  written  explicitly  in  terms  of  the  Green's 
function  for  the  Helmholtz  equation.  On  the  other  hand. 


(fX  “a  (f )r=  E  00 

Now  one  can  compare  relative  sharpness  of  both  func¬ 
tions;  A  and  T.  Typical  value  of  the  relative  momen¬ 
tum  spread  is  of  the  order  of  10~4.  Assuming  superlat¬ 
tice  modulation  of  500A  and  crystal  length  of  5  cm  al¬ 
lows  one  to  evaluate  the  width  of  T.  Both  characteristic 
widths  can  be  summarized  as  follows 

(fX=,(r<’  (fX=,<r‘  (,7) 

The  integration  in  Eq.(U)  is  carried  out  assuming  that 
the  sharper  function,  namely  T,  is  approximated  by  the 
5-function.  This  reduces  the  gain/loss  coefficient  to  the 
following  supple  expression 

“=-fn£if(fX  •  os) 
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The  above  final  result  will  serve  as  a  starting  point  for 
further  feasibility  discussion. 

IV.  THREE  WAVE  MIXING 

Spontaneous  bunching  of  the  proton  beam  channel¬ 
ing  through  a  superlattice  and  interacting  with  the  elec¬ 
tromagnetic  wave  results  in  energy  flow  from  the  wave 
to  the  beam.  This  particular  kind  of  particle  density 
fluctuation,  h,  has  the  form  of  a  propagating  plane 
wave  of  the  same  frequency,  co,  as  the  emitted  electro¬ 
magnetic  wave.  The  phase  velocity  of  the  moving 
bunch  matches  the  velocity  of  protons  in  the  beam. 
Therefore,  the  quantity  ymoa/pt  a  kb  represents  the 
wave  vector  of  the  propagating  particle  density  bunch. 
Keeping  in  mind  that  the  periodicity  of  the  undulator 
represents  a  static  wave  with  a  wave  vector  g,  and  that  k 
is  the  wave  vector  of  the  electromagnetic  wave,  we  can 
analyze  our  results  in  the  language  of  three  wave  mix¬ 
ing3. 

Furthermore  "momentum"  conservation  of  all  three 
modes  yields  the,  v"  *  0  conditions.  The  last  condition, 
1^  =  g  -  k,  is  equivalent  to  a  momentum  "recoil"  be¬ 
tween  the  particle  density  "bunch"  and  the  electromag¬ 
netic  wave  (deamplification  of  the  backward  propagating 
wave),  where  a  four  momentum  (0.  g)  is  transferred 
from  the  backward  propagating  wave  to  the  forward 
moving  proton  bunch. 

V.  FEASIBILITY  ASSESSMENT 

We  will  discuss  the  feasibility  of  the  proposed 
scheme  by  considering  (110)  planar  channeling  in  a 
strain  modulated  Si  crystal4.  We  write  the  undulator  pe¬ 
riod  as  (-  Nd,  where  d  =  1 .92  A  is  the  spacing  between 
successive  lattice  planes  and  N  is  the  number  of  such 
planes.  The  strain  modulation,  of  course,  requires  a  sec¬ 
ond  component,  such  as  Ge;  however,  we  will  use  the 
parameters  of  Si  for  convenience. 

Relativistic  particles  while  channeling  along  the 
path  undergo  transverse  harmonic  oscillations  from  the 
crystal  field  potential,  an  analog  of  the  betatron  oscilla¬ 
tions,  with  the  characteristic  frequency  cop  =  ^e$,/m. 
One  can  see  from  Eq.(13)  that  if  the  angular  velocity  of 
a  particle  traversing  the  strain  modulated  path,  to  = 
2irv|/f,  approaches  Wg/Vy  (Doppler  shifted  betatron  fre¬ 
quency),  the  undulator  parameter,  Q,  has  a  resonance  (U 
— >  1),  which  would  enormously  enhance  the  gain/loss 
coefficient.  However,  the  excessive  growth  of  the  undu- 
lator  parameter  would  soon  result  in  a  rapid  dechannel¬ 
ing  of  the  particles.  One  can  see  this  easily  if  Q  is 
rewritten  in  the  following  form 

V  ma* 

Q=c  “V  •  (19) 


where  vx  ,v(  are  transverse  and  longitudinal  components 
of  the  particle  velocity,  respectively. 

For  small  values  of  y(U  **  1),  the  following  sim¬ 
ple  physical  criterion  allows  one  to  estimate  the  maxi¬ 
mum  value  of  Q.  Dechanneling  will  occur  if  the  trans¬ 
verse  kinetic  energy  of  the  particle  exceeds  the  binding 
energy  of  the  harmonic  potential  (a  particle  leaves  the 
channel).  If  the  maximum  transverse  velocity  of  a 
channeling  particle  is  vx  and  a  is  the  distance  between 
adjacent  channels  (for  (1 10)  channeling  in  Si  a  *»  5  A) , 
the  above  condition  can  be  written  as  follows: 


my 


(20) 


The  equality  sign  in  Eq.(20)  along  with  Eq.(19)  fix  the 
maximum  allowed  value  of  the  undulator  parameter  as 


__  e  a  /  e$L  Y _  /<m 

Q  "c  2  Vmyc2  ° 21) 

The  above  expression  can  be  evaluated  for  relativistic 
protons  channeling  through  our  model  superlattice  as 

Q"“  =7.5*  lO"24  cmI/2g,/2  (22) 

Now,  one  can  evaluate  Eq.(l  1)  assuming  only  one  pro¬ 
ton  -  by  assigning  n  to  be  an  inverse  area  of  the  chan¬ 
neling  plane  per  one  particle  for  typical  values  of  the 
beam  concentration5,  n  =  1016  cm-2.  This  way  a  de¬ 
scribes  the  rate  of  optical  amplitude  depletion  per  one 
particle  -  the  acceleration  rate.  Assuming  y  of  2,  f= 
SOOAand 


(?X-Hr4  (23) 

yields  the  following  value  of  the  acceleration  rate 

a  =  3.53  *  1(T4  cm'1 .  (24) 

The  nominal  acceleration  efficiency  in  units  of  eV/cm 
will,  obviously,  depend  on  the  energy  density  of  the  ac¬ 
tual  optical  cavity,  which  is  left  out  for  further  discus¬ 
sion  elsewhere. 
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Abstract 

In  two-beam  accelerators,  the  reacceleration  of  a 
modulated  drive  beam  can  enable  high  conversion 
efficiency  of  electron  beam  energy  to  rf  energy. 
However,  the  stability  issues  involved  with  the 
transport  of  high  current  electron  beams  through  rf 
extraction  structures  and  induction  accelerator  cells  are 
critical.  We  report  on  theoretical  studies  and  computer 
simulations  of  a  two-beam  accelerator  design  using 
traveling-wave  extraction  structures.  Specific  issues 
addressed  include  regenerative  and  cumulative 
transverse  instabilities. 

I.  Introduction 

A  collaboration  between  the  Lawrence  Livermore 
National  Laboratory's  (LLNL)  Microwave  Source 
Facility  and  the  Lawrence  Berkeley  Laboratory's 
Collider  Physics  Group  has  been  studying  the  feasibil¬ 
ity  of  a  Relativistic  Klystron-Two  Beam  Accelerator 
(RK-TBA)  as  a  possible  linear  collider.  In  a  RK-TBA, 
one  beam  line  is  a  high-gradient  rf  linac  which 
accelerates  electrons  or  positrons  to  very  high  energies. 
The  second  beam  line,  the  subject  of  this  paper,  is  an 
induction  linac  which  includes  microwave  generating 
structures  located  at  regular  intervals  along  the  beam 
line.  These  structures  extract  energy  in  the  form  of 
microwaves  which  are  then  used  to  drive  the  rf  linac. 
In  a  RK-TBA  design,  the  microwave  generating 
structures  are  rf  structures,  e.g.  standing-wave  cavities 
or  traveling-wave  structures  (TWS).  Experiments  at 
LLNL  have  shown  that  traveling-wave  structures  are 
capable  of  producing  the  desired  high-power  micro- 
wave  pulses  (100' s  MW  per  output).1  However,  these 
experiments  also  indicated  that  the  major  difficulty  in 
designing  a  feasible  RK-TBA  is  the  transverse  instabil¬ 
ities  resulting  from  the  propagation  of  kiloamperes  of 
average  current  through  the  narrow  apertures  of  x-band 
microwave  structures/  This  paper  addresses  both  ana¬ 
lytical  and  numerical  modeling  performed  to  study 
damping  of  the  transverse  instability  in  such  systems. 

II.  Analytical  Modeling 

To  model  the  RK-TBA,  I  have  used  Caporaso's 
technique^  for  studying  the  growth  of  transverse  insta- 

*The  work  was  performed  under  the  auspices  of  the 
U.S.  Department  of  Energy  by  Lawrence  Livermore 
National  Laboratory  under  contract  W-7405-ENG-48. 


bilities  in  induction  accelerators.  The  microwave 
extraction  cavities  are  treated  as  a  continuous 
distribution  along  the  drive  beam  of  the  RK-TBA.  The 
transverse  instability  is  assumed  to  be  due  to  the 
excitation  of  a  single  dipole  resonant  mode  with 
frequency  0)o.  Within  this  frame  work  the  asymptotic 
behavior  of  the  transverse  instability  can  be  studied 
using  the  well-known  multicavity  model  equations:4^ 


|-^r+-^A+wS  A  =  (DoG  £/y 
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where  £  is  the  transverse  displacement  of  the  beam 
centroid  from  the  axis.  A  ■  Api^Lg  pz)  is  the  normal¬ 
ized  z-averaged  transverse  angular  change  of  the  beam 
centroid  per  unit  length,  Lg  is  the  cavity  spacing,  Apj.  is 
the  change  in  transverse  momentum,  and  p*  is  the 
longitudinal  momentum.  The  strength  of  the  coupling 
between  the  beam  and  the  dipole  field  is  represented 
by  the  term  G  *  c  C0b(Zi/Q)  I^Lg  I0),  where  I0  =  mcVe  « 
17  kA.  For  solenoidal  focusing  kp  should  be  interpreted 
as  one  half  of  the  cyclotron  wave  number  and  $  is  equal 
to  the  phasor  x  +  iy.  In  the  RK-TBA  concept  the  aver¬ 
age  energy  of  the  induction  beam  remains  constant  over 
an  extraction-reacceleration  cycle.  In  the  continuous 
distribution  approximation  I  will  treat  y  as  a  constant. 

Equations  (1)  and  (2)  can  be  solved  by  Fourier 
transforming  from  t  to  o>  and  using  the  WKB  method. 
The  transform  inversion  to  recover  £  can  only  be  done 
analytically  in  a  few  special  cases  of  initial/boundary 
conditions.  However,  general  information  on  the 
growth  of  the  transverse  instability  can  be  obtained  if 
two  simplifying  assumptions  are  made; 

k§  »  — - - - - ., 

Y  ((Do  -  CD2  -  i  CO/q) 

and  the  instability  growth  is  sharply  peaked  near  the 
resonance,  (0  =  (0o.  The  solution  can  then  be  approxi¬ 
mated  as: 
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where  A(to0)  is  determine  by  boundary  conditions. 
Equation  (3)  exhibits  the  exponential  growth  with 
distance  that  is  characteristic  of  this  instability. 

Phase  mixed  damping  due  to  a  spread  in  energy 
across  the  beam  can  be  included  in  the  analysis  by  using 
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the  techniques  of  hose  instability  theory.6  The  beam  is 
divided  into  "beamlets"  with  different  energies, 
oscillation  amplitudes,  and  betatron  wavelengths  such 

that  ki;  =  r|k§,  where  kp  is  the  maximum  wave  number, 
0  5  q  5  1,  and  are  the  associated  oscillation 
amplitudes.  The  model  equations  are 

jiL+^l  +  togjA»co5G^)/Y,and  (4) 

— *2-  +  k2  ^  =  A,  where  (5) 
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For  this  analysis,  let  the  distribution  function  be: 

0for05q<l-e  (6) 

1/e  for  l-e<q5l’ 

ationship  can  be  obtained  from  equa¬ 
tions  (4)  and  (5)  by  Fourier  transforming  w  to  t  and  z  to  k 
and  using  the  distribution  in  equation  (6): 
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I  will  again  assume  that  the  greatest  growth  in  the 
instability  occurs  when  co  =  co0 ,  and  then  solve  for  k: 

(8) 
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where  $  ■  e  y  k$/(G  Q).  If  4>  »  n,  k  will  be  a  purely  real 
number  and  £  will  not  exhibit  exponential  growth. 


III.  Numerical  Modeling 


The  Beam  Breakup  (BBU)  Code7  developed  at 
LLNL  was  used  to  numerically  study  the  transverse 
instability  in  a  microwave  generator  comprised  of  many 
equally  spaced  traveling-wave  structures  (TWS).  The 
BBU  Code  assumes  a  single  dipole  cavity  mode  is 
dominant  and  the  x-polarization  of  the  electric  field  in 
the  nth  cavity  can  be  expressed  as 

E„(?,t)=flJ(t)i„(?)eia,‘,  (9) 


where  denotes  an  eigenmode  with  eigenfrequency  ov 
Here  <o  denotes  a  characteristic  frequency  of  the  gener¬ 
ator  assumed  near  the  transverse  instability  resonance. 
It  is  possible  to  show  that  the  excitation  amplitudes  fn 
are  governed  by  the  following  circuit  equations: 
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where  Q„  is  the  quality  factor  of  the  nth  cavity,  K{J±2 
denotes  the  coupling  of  the  n  and  n±l  cavities,  I  is  the 
current,  x  is  the  transverse  displacement  of  the  beam 
centroid  in  the  x  direction  from  the  center  line,  q>  is  a 
phase  advance,  and  Z±  is  the  transverse  impedance.  A 


second  equation  is  used  for  the  y-polarization  as  well 
as  single  particle  equations  of  motion  in  the  x  and  y 
directions.  While  equation  (10)  is  similar  to  equation 
(4),  there  are  several  features  in  the  BBU  Code  neces¬ 
sary  for  modeling  a  realistic  structure: 

a .  RF  structures  are  treated  as  separate  entities 
with  specific  rf  properties, 

b.  RF  structures  have  a  finite  longitudinal  length, 

c.  Electromagnetic  coupling  can  exist  between 
adjacent  rf  cavities  (needed  for  TWS  cells), 

d.  Variable  current  profiles  can  be  used,  and 

e.  Actual  solenoidal  fields  included  for  focusing. 
The  electromagnetic  coupling  of  cells  allows  the  effect 
of  regenerative  BBU  to  be  modeled.  A  limitation  is 
that  the  beam  is  treated  as  a  series  of  rigid  disks. 
Thus,  beam  parameters  such  as  current  and  energy  can 
only  be  varied  longitudinally. 

Modeling  parameters  used  in  the  simulations 
presented  below  are  given  in  Table  1.  For  some  simula¬ 
tions  five  different  configurations  of  TWS's  were  used. 
Two  configurations  were  modeled  after  TWS's  tested 
during  the  Choppertron  experiments,1  and  a  third  after 
a  structure  to  be  tested  in  the  near  future.  The  final  two 
configurations  have  rf  characteristics  bracketed  by  the 
others.  De-Q-ing  circuits8  mentioned  below  refer  to  a 
technique  for  damping  the  dipole  modes  in  TWS's  used 
at  LLNL.  TWS's  that  are  de-Q-ed  are  simulated  by 
reducing  the  Q  of  the  first  two  cells  to  about  20.  In  all 
the  simulations  the  current  is  modulated  at  11.4  GHz, 
the  2n/3  longitudinal  mode  of  the  TWS's,  with  each 
microbunch  covering  120°  of  phase.  Beam  energy  is  kept 
constant,  although  it  is  possible  to  simulate  energy 
extraction  and  reacceleration  with  the  BBU  Code. 


TABLE  1. 

TWS  Modeling  Parameters  in  Simulations 

dipole  mode 

lower  "HEMn  branch" 

requency  (GHz) 

13.75, 13.675, 13.6, 13.525, 13.45 

?hase  advance 

142.5°  per  cell 

it  cells  per  TWS 

7 

IWS  electrical  length 

6.1278  cm 

cell  aperture  (mm) 

13, 13.5, 14 , 15, 16 

group  velocity 

0.12  c,  0.13c,  0.14c,  0.15c,  0.16c 

2wall  (cells) 

3000  (2),  7000  (5) 

Qext  (damped  cells) 

20 

Zi/Qwall 

18.33  Q/cell 

IWS  spacing 

50  cm  (center  to  center) 

dc/rf  currents 

650/600  amps 

?ulse  length 

110  ns  (includes  5  ns  ramp  time) 

jeam  energy 

lOMeV 

initial  offset 

0.1  mm 

solenoidal  field  (Bz) 

8  KG 

Figure  1  illustrates  the  effect  of  adding  de-Q-ing 
circuits  to  the  first  two  cells  of  the  TWS's.  The 
displacement  of  the  beam  centroid  is  measured  midway 
between  TWS's.  Points  are  plotted  whenever  the 
centroid  displacement  has  doubled  after  passing 
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through  a  TWS.  The  abrupt  growth  in  the  case  of  no 
de-Q-ing  indicates  the  current  was  above  the  threshold 
for  regenerative  BBU  in  an  individual  TWS.  With  suf¬ 
ficient  damping,  as  in  the  de-Q-ed  case,  cumulative 
BBU  is  the  principle  mechanism  for  instability  growth. 
Figure  2  shows  the  effect  of  varying  structures  along  the 
beam  line  (staggered  tuning).  For  example  the  curve  "5 
TWS"  represents  a  beam  line  comprised  of  repeating 
sets  of  five  different  TWS's.  Structures  are  de-Q-ed  in 
all  cases.  This  effect  is  similar  to  lowering  the  Q  for  a 
single  configuration.  Figure  3  shows  the  effect  of  phase 
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Figure  3.  Effect  of  phase  mixing  due  to  energy  spread. 


mixed  damping  due  to  a  longitudinal  variation  in 
energy  along  the  beam  (modulated  at  11.4  GHz).  Five 
different  de-Q-ed  TWS's  are  used  in  all  cases.  Larger 
spreads  in  gamma.  Ay,  would  require  greater  resolution 
(thinner  current  disks)  for  accuracy. 

IV.  Conclusions 

It  is  essential  to  sufficiently  damp  the  BBU 
resonances  within  individual  TWS's  to  prevent  the 
onset  of  regenerative  BBU.  It  is  also  necessary  to  limit 
electromagnetic  coupling  between  adjacent  TWS's  to 
avoid  regenerative  BBU  between  TWS's.  This  condi¬ 
tion  was  assumed  in  the  simulations.  Phase  mixing  is 
the  best  means  of  defeating  the  cumulative  instability, 
although  large  energy  spreads  will  make  beam 
transport  more  difficult.  To  further  increase  the 
practical  number  of  rf  output  structures  in  an  RK-TBA,  I 
will  examine  more  aggressive  de-Q-ing,  different  TWS 
geometry's,  and  the  use  of  standing-wave  cavities. 
Also,  additional  work  needs  to  be  accomplished  to 
determine  a  more  realistic  current  density  distribution 
and  to  model  two-dimensional  phase  mixing. 
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Abstract 

A  set  of  parameters  for  standing  wave  free  election 
laser  two  beam  accelerators  (SWFEL/TBA)  is  evaluated  for 
realistic  cavity  geometry  taking  into  account  beam-break-up 
and  the  sensitivity  of  output  power  to  imperfections.  Also 
given  is  a  power  extraction  system  using  cavity  coupled  wave 
guides. 

I.  INTRODUCTION 

For  the  next  generation  linear  colliders,  a  high 
gradient  acceleration  structure  is  necessary.  As  a  possible 
source  of  energy  for  such  colliders,  a  SWFEL/TBA  has  been 
proposed[1.2].  A  schematic  diagram  of  a  FEL/TBA  is  shown 
in  Figure  1. 
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Figure  1.  Schematic  diagram  of  SWFEL/TBA 


longer  pulses  (for  better  efficiency),  with  longer  cavities 
(for  BBU  considerations^])  than  previously  considered,  and 
with  realistic  engineering  constraints.  Induction  linacs  have 
leakage  current  the  order  of  100  A  and  need  much  higher 
current  than  this  level  to  be  efficient  Switching  time  for  such 
a  high  current  takes  about  10  nsec  and  thus  beam  pulse  lengths 
significantly  longer  than  this  are  needed  for  a  good  efficiency. 
An  output  energy  of  about  10  Jtm  is  desired.  Reacceleration 
can  also  not  be  too  large,  since  about  30  cm  long  ferrite 
material  is  needed  for  0.2S  MeV  reacceleration.  With  these 
constraints  transverse  and  longitudinal  beam  dynamics  are 
considered  and  lead  to  a  set  of  parameters  for  SWFEL/TBA. 

n.  BASIC  MODEL 

Within  a  cavity  the  particles  and  fields  of  a  SWFEL 
can  be  examined  by  the  conventional  wiggle-averaged  FEL 
equadons[6].  Using  the  subscripts  s  for  signal  waves  and  w 
for  wiggler  quantities,  and  representing  the  vector  potential  by 
the  usual  normalized  quantity  a-AI(mc?le),  the  equations  for 
particle  phase,  0j,  the  j-th  particle  energy,  yjt  and  the  field 
amplitude,  as%  with  phase,  0 ,  are  given  by  the  following. 


There  have  been  some  parameter  studies  of  Here,  yr  is  the  resonant  beam  energy,  /  is  the  average  beam 
SWFEL/TBA  parameters.  Preliminary  optimizations  were  current,  z  is  the  axial  coordinate,  s  is  the  dis*ance  from  the 
made  for  the  constancy  of  output  energy  and  phase  with  respect  leading  bunch,  and  the  jitter  term  D^l/2  .  The  angle  brackets 
to  de- tuned  energy  for  short  pulse  bunches[3].  The  sensitivity  are  averages  over  particles  of  a  bunch.  The  brackets  are 
has  been  reduced  further  by  utilizing  drift  tubes  between  the  redundant  since  in  our  analysis  we  make  the  approximation 
cavities[4],  that  only  one  macro  particle  per  bunch.  The  shunt  impedance 

In  this  paper,  we  optimize  the  parameters  with  is  then  given  by 
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where  v  is  the  particle  velocity,  vz  is  the  z  component  of  the 
velocity,  co  is  the  FEL  mode  angular  frequency,  V  is  the 
volume  of  the  cavity,  and  L  is  the  length  of  the  cavity. 

Once  a  particle  leaves  a  cavity,  the  FEL  field  bounces 
back  to  the  other  end  of  the  cavity  as  a  standing  wave.  Thus, 
the  field  should  be  updated  accordingly. 
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The  bunches  in  a  pulse  are  then  considered  as  blocks 
of  2N.  Since  the  particles  do  not  interact  much  with  die 
reflected  waves,  the  first  2N  bunches  behave  identically  where 
N  =L/c.  The  next  2N  bunches  see  the  reflected  field  of  the 
previous  2N  bunches.  Thus  we  need  to  examine  only  one 
bunch  per  every  2N  bunches.  Utilizing  the  drift  tubes  between 
cavities,  and  by  adjusting  the  beam  energy  for  each  2N 
particles,  it  is  possible  to  make  each  2N  particles  behave 
identically  through  each  cavity,  thus  yielding  a  stable  high 
power  energy  for  a  long  device  as  described  in  Reference  [4]. 

The  output  energy  is  then  proportional  to  the  square 
of  RlQ  and  the  total  charge  of  the  pulse  I  Lp  . 

•  (3) 

The  proportionality  constant  not  shown  in  the  above  equation, 
depends  on  the  geometry  of  the  cavity. 

III.  GEOMETRY  EFFECT 

The  geometry  of  cavities  and  irises  affect  the  field 
equation,  the  third  equation  of  Eq.(l).  through  RlQ.  Although 
the  quantity  RlQ  depends  on  the  beam  energy  and  wiggler 
fields,  the  geometry  dependence  affects  the  FEL  performance 
through  this  quantity  only.  Thus,  we  can  evaluate  FEL 
performance  for  various  geometry  by  simply  evaluating  this 
quantity  and  using  the  usual  FEL  equations. 

Now  it  is  easy  to  understand  the  geometry  effect  since 
the  geometry  term  affects  only  the  field  equation,  and  at  the 
same  time  the  averaged  beam  current  affects  only  the  field 
equation.  Therefore,  the  geometry  effect  can  be  easily 
compensated  by  adjusting  current,  keeping  I  RlQ  constant. 
Thus  sensitivity  of  output  power  to  various  errors  is  as  in  an 
ideal  cavity.  The  output  energy  may  be  different.  This, 
however,  is  not  a  problem  since  it  is  necessary  to  have 
constant  output  energy  but  the  magnitude  of  the  energy  is  not 
so  important. 


IV.  NUMERICAL  RESULTS 

Eq.(l)  is  advanced  by  the  fourth  order  Runge-Katta 
method.  Assuming  no  slippage  between  particles  and  fields, 
the  field  equations  are  evolved  in  z  (replacing  s  by  z).  The 
initial  field  phase  was  set  to  zero  and  the  initial  particle  phase 
is  given  as  jc/3. 

A  typical  evolution  of  FEL  variables,  in  the  absence 
of  errors,  are  illustrated  in  Figure  2.  In  the  absence  of  any 
errors,  the  dynamics  of  each  2N  block  is  the  same  for  the 
cavities.  Thus  only  the  first  3  cavities  are  shown.  The  particle 
lose  energy  (a)  as  it  traverses  a  cavity  while  the  field  amplitude 
increases  (b).  The  lost  energy  of  die  particle  is  replenished 
before  entering  the  next  cavity,  thus  repeating  the  same 
motion  again.  In  (c)  particle  phase,  field  phase,  and  the 
ponderomotive  phase  are  shown. 

For  stable  FEL  performance,  it  is  important  to  keep 
the  pondromotive  phase  \ff  =  dj+0  invariant  In  principle 

we  do  not  have  to  consider  phase  change  of  9  and  <p 
independently.  However,  best  results  are  obtained  by 
minimizing  the  variation  of  the  particle  phase  within  a  cavity. 


by  making  the  nonsinusoidal  component  of  the  particle  phase 
equation  in  Eq.(l)  small.  For  17.1  GHz,  £*>=0.16  is  good. 

A  set  of  parameters  is  summarized  in  Table  1,  taking 
into  account  BBU,  beam  sensitivity  and  engineering 


Figure  2.  Particle  energy  (a),  field  energy  (b),  particle  phase, 
field  phase,  and  the  ponderomotive  phase  (c)  of  j-th  particle  for 
the  first  three  cavities.  Drift  tube  regions  are  not  shown,  and 
simply  indicated  as  a  vertical  dotted  line. 


Figure  3.  Output  energy  (a)  and  field  phase  (b)  versus  device 
length  for  0%  (straight  line),  0.5%  (dotted  curve),  and  1% 
(solid  curve)  de-tune  in  beam  energy  for  the  parameters  in 
Table  1.  The  same  quantities  are  shown  in  (c)  and  (d)  for  0% 
(straight  line),  2%  (dotted  curve),  and  4%  (solid  cur'e)  for 
random  cavity  errors  in  R/Q. 
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The  bunches  in  a  pulse  are  then  considered  as  blocks 
of  2N.  Since  the  particles  do  not  interact  much  with  the 
reflected  waves,  the  first  2N  bunches  behave  identically  where 
N  ~Uc.  The  next  2N  bunches  see  the  reflected  field  of  the 
previous  2N  bunches.  Thus  we  need  to  examine  only  one 
bunch  per  every  2N  bunches.  Utilizing  the  drift  tubes  between 
cavities,  and  by  adjusting  the  beam  energy  for  each  2N 
particles,  it  is  possible  to  make  each  2N  particles  behave 
identically  through  each  cavity,  thus  yielding  a  stable  high 
power  energy  for  a  long  device  as  described  in  Reference  [4]. 

The  output  energy  is  then  proportional  to  the  square 
of  RIQ  and  the  total  charge  of  the  pulse  I  Lp  . 

Wo«~VLp)2i (3) 

The  proportionality  constant  not  shown  in  the  above  equation, 
depends  on  the  geometry  of  the  cavity. 

HI.  GEOMETRY  EFFECT 

The  geometry  of  cavities  and  irises  affect  the  field 
equation,  the  third  equation  of  Eq.(l),  through  RIQ.  Although 
the  quantity  RIQ  depends  on  the  beam  energy  and  wiggler 
fields,  the  geometry  dependence  affects  the  FEL  performance 
through  this  quantity  only.  Thus,  we  can  evaluate  FEL 
performance  for  various  geometry  by  simply  evaluating  this 
quantity  and  using  the  usual  FEL  equations. 
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Thus  sensitivity  of  output  power  to  various  errors  is  as  in  an 
ideal  cavity.  The  output  energy  may  be  different.  This, 
however,  is  not  a  problem  since  it  is  necessary  to  have 
constant  output  energy  but  the  magnitude  of  the  energy  is  not 
so  important. 

IV.  NUMERICAL  RESULTS 

Eq.(l)  is  advanced  by  the  fourth  order  Runge-Katta 
method.  Assuming  no  slippage  between  particles  and  fields, 
the  field  equations  are  evolved  in  z  (replacing  s  by  z).  The 
initial  field  phase  was  set  to  zero  and  the  initial  particle  phase 
is  given  as  re/3. 

A  typical  evolution  of  FEL  variables,  in  the  absence 
of  errors,  are  illustrated  in  Figure  2.  In  the  absence  of  any 
errors,  the  dynamics  of  each  2N  block  is  the  same  for  the 
cavities.  Thus  only  the  first  3  cavities  are  shown.  The  particle 
lose  energy  (a)  as  it  traverses  a  cavity  while  the  field  amplitude 
increases  (b).  The  lost  energy  of  the  particle  is  replenished 
before  entering  the  next  cavity,  thus  repeating  the  same 
motion  again.  In  (c)  particle  phase,  field  phase,  and  the 
ponderomotive  phase  are  shown. 

For  stable  FEL  performance,  it  is  important  to  keep 
the  pondromotive  phase  \j/  =  6j  +  <p  invariant  In  principle 

we  do  not  have  to  consider  phase  change  of  6  and  0 
independently.  However,  best  results  are  obtained  by 
minimizing  the  variation  of  the  particle  phase  within  a  cavity. 
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Figure  2.  Particle  energy  (a),  field  energy  (b),  particle  phase, 
field  phase,  and  the  ponderomotive  phase  (c)  of  j-th  particle  for 
the  first  three  cavities.  Drift  tube  regions  are  not  shown,  and 
simply  indicated  as  a  vertical  dotted  line. 


Figure  3.  Output  energy  (a)  and  field  phase  (b)  versus  device 
length  for  0%  (straight  line),  0.5%  (dotted  curve),  and  1% 
(solid  curve)  de-tune  in  beam  energy  for  the  parameters  in 
Table  1.  The  same  quantities  are  shown  in  (c)  and  (d)  for  0% 
(straight  line),  2%  (dotted  curve),  and  4%  (solid  curve)  for 
random  cavity  errors  in  R/Q. 


THE  ARGONNE  WAKEFIELD  ACCELERATOR- 
OVERVIEW  AND  STATUS* 

P.  Scfaoessow,  E.  Cbojnadd,  W.  Gal,  C.  Ho,  R.  Kooecny, 

J.  Power,  M.  Rosing,  J.  Simpson 
Argoone  National  Laboratory,  9700  S.  Cass  Ave.,  Axgoone  IL  60439 


Abstract 

The  Aigoooe  Wakefield  Accelerator  (AWA)  is  a  new  facility 
for  advanced  accelerator  research,  with  a  particular  emphasis  on 
studies  of  high  gradient  (-100  MeV/m)  wakefidd  acceleratiocL 
A  novel  high  current  short  pulse  L-Band  photocathode  gun  and 
pre  accelerator  will  provide  100  nC  electron  bunches  at  20  MeV 
to  be  used  as  a  drive  beam,  while  a  second  high  brightness  gun 
will  be  used  to  generate  a  3  MeV  witness  beam  for  wake  field 
measurements.  We  will  present  an  overview  of  the  various 
AWA  systems,  the  status  of  construction,  and  initial 
commissioning  results. 

Introduction 

The  goal  of  the  AWA  program  is  to  develop  wake  field  based 
high  gradient  acceleration  techniques  for  future  linear  colliders. 
In  the  process  of  developing  the  drive  beam  previously 
unexplofttl  regimes  of  rf  pbotocatbode  source  operation  will  be 
investigated. 

The  AWA  project  is  planned  as  a  series  of  phases,  leading  up 
to  a  1  GeV  demonstration  linac  based  on  wakefield  technology. 
Phase  I  of  die  AWA  is  presently  nearing  completion,  and 
consists  of  an  L-band  20  MeV  drive  linac  and  pbotocatbode 
source  capable  of  delivering  100  nC,  20  ps  (FWHM)  pulses,  a 
3  MeV  high  brightness  photocatbode  gun  to  provide  a  witness 
beam  as  a  probe  of  wakefield s  generated  by  die  drive  beam, 
and  associated  instrumentation  for  beam  monitoring  and 
wakefield  measurements.  A  plan  view  of  AWA  Phase  I  is 
shown  in  figure  1.  Additional  details  of  the  various  AWA 
subsystems  may  be  found  in  other  papers  at  this  conference 

(U-4]). 

High  Current  Photocathode  Source  and  Drive  Linac 

At  the  core  of  the  AWA  is  a  laser  photocatbode  source,  capable 
of  delivering  2  MeV,  100  nC  electron  bunches  to  the  drive 
linac  The  source  represents  a  significant  extension  of  present 
pbotocatbode  gun  capabilities,  and  several  novel  techniques 
have  been  developed  to  deal  with  the  challenge  of  generating  a 
beam  of  this  intensity.  Details  of  the  gun  design  and  beam 
dynamics  simulations  may  be  found  in  reference  [3]. 

*Work  supported  by  U.S.  Department  of  Energy,  Division  of 
High  Energy  Physics,  Contract  W-31-109-ENG-38 
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In  order  to  minhnia  radial  space  charge  forces  during  the 
photoemissioo  process,  a  large  pbotocatbode  (2  cm 
diameter)  is  used.  In  addition,  a  curvature  of  the  laser 
wavefront  is  induced  using  special  optics  [1].  Simulations 
indicate  an  optimal  shape  for  die  laser  wavefront  to  be 
concave  (electrons  farther  out  in  radius  are  emitted  first), 
with  a  sagitta  of  17  ps. 

There  is  a  strong  correlation  between  the  radial  position  and 
energy  of  the  electron  pulse  emitted  from  the  gun.  In  order 
to  minimize  the  spot  size  at  die  exit  of  die  drive  linac, 
solenoids  employing  nonlinear  focussing  (spherical 
aberration)  were  designed.  The  shape  of  the  magnetic  field 
can  be  modified  if  necessary  by  changing  the  iron  pole 
pieces. 

Two  standing  wave  iris-loaded  cavities  are  used  to 
accelerate  the  drive  beam  to  20  MeV  [3].  In  order  to 
minimize  wakefield  effects  in  the  linac,  large  diameter  (10 
cm)  irises  are  used.  The  drive  linac  is  shown  in  figure  2. 

Witness  gun  and  wakefield  measurement  system 

The  witness  gun  [4]  is  used  to  generate  a  low  current,  small 
emittance  pulse  which  acts  as  a  probe  of  wake  fields 
generated  by  the  drive  bunch.  A  6-ceD  iris-loaded  L-band 

cavity  operating  in  the  2lt/3  mode  produces  0.1  nC,  5 
MeV  bunches  with  a  transverse  emittance 
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Figure  2.  Drive  Hnac.  A:  Pbotocatbode  gun,  B:  Nonlinear  focussing  solenoids,  C:  Lmac  cavities,  D:  Laser  injection  port.  The 
backing  solenoid  which  nulls  the  magnetic  field  at  the  pbotocatbode  is  not  shown. 


£  1  ic  mm-mrad.  The  delay  between  the  witness  and  drive 
bunches  is  adjusted  by  varying  the  witness  gun  rf  and  laser 
injection  phases  simultaneously. 

A  simple  chicane  is  used  to  transport  the  drive  and  witness 
bunches  through  the  test  section  containing  the  wake  field  device 
under  measurement  For  the  initial  experiments  the  drive  and 
witness  beams  will  pass  coDinearly  through  the  test  section. 
Measurements  requiring  noncollinear  (parallel)  drive  and 
witness  bunches,  such  as  those  involving  wake  field  transformer 
structures  (see  below)  are  possible  with  a  slight  reconfiguration 
of  the  beamline. 

After  passing  through  the  test  section,  the  beams  are  diagnosed 
using  a  magnetic  spectrometer.  A  typical  wakefield  experiment 
involves  measuring  the  energy  modulation  and  transverse 
deflection  of  the  witness  bunch  as  a  function  of  the  relative 
drive-witness  delay. 

Laser 

The  AWA  laser  system  is  used  for  both  drive  and  witness  beam 
generation  The  laser  can  produce  8  mJ,  2  ps  pulses  at  248 
nm.  This  is  sufficient  to  permit  the  use  of  robust  but  low 
quantum  efficiency  pfaotocatbode  materials  such  as  Yttrium  or 
Copper. 

An  annular  mirror  array  [1]  is  used  to  introduce  a  curvature  of 
the  laser  wavefront  for  drive  beam  generation  The  laser  pulse 
delivered  to  the  witness  gun  is  not  shaped. 

Diagnostics 

The  AWA  will  make  extensive  use  of  luminescent  screen  beam 
position  monitors  viewed  by  CCTV  cameras.  The  video  signal 
can  be  digitized  for  analysis  and  storage  [2].  Button  pickups 
*  for  nondestructive  monitoring  will  be  located  at  various  places 
around  the  AWA  beamlines. 

Gas  Cherenkov  cells  are  used  to  diagnose  the  pulse  length  of 
the  20  MeV  drive  beam.  The  duration  of  the  Cherenkov  light 
flash  can  be  measured  by  the  streak  camera  with  a  2  ps 
resolution. 


Diagnosing  the  2  MeV  high  current  source  presents  special 
problems.  The  transverse  bunch  shape  can  be  measured 
using  a  luminescent  screen,  but  the  bunch  energy  is  too  low 
for  gas  Cherenkov  cells  to  be  used  as  loogitudinal 
diagnostics.  Multiple  scattering  effects  in  general  limit  the 
utility  of  higher  refractive  index  radiators. 

A  diagnostic  to  measure  the  shape  of  the  leading  edge  of  die 
drive  bunch  at  the  gun  exit  is  under  development  and  is 
shown  schematically  in  fig  3.  A  series  of  quartz  beads  are 
strung  on  a  dun  tungsten  wire.  Cherenkov  light  generated 
by  the  beam  impinging  on  the  bead  array  is  transported  to 
the  streak  camera.  Because  of  multiple  scattering  and 
multiple  reflection  effects  the  streak  length  gives  only  an 
upper  limit  on  bunch  length  at  that  point  However,  the 
start  of  each  streak  gives  the  time  of  arrival  of  the  leading 
edge  of  the  bunch  at  the  corresponding  bead. 


Curved  electron  bunch 


0>) 


radiator  array 


Figure  3.  Bead  array  diagnostic  for  measuring  the  shape  of 
the  electron  pulse  emitted  from  the  rf  gun. 

Experimental  program 

The  generation  of  20  ps,  100  nC  electron  bundles  from  the 
drive  linac  is  in  itself  an  important  experiment  Of 
particular  interest  is  the  characterization  of  the  drive  gun 
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and  comparison  of  measured  beam  parameters  with  the 
predictions  of  the  codes  used  for  the  design  simulations. 

The  first  wakefield  experiments  will  concentrate  on  the  study  of 
breakdown,  charging  and  radiation  damage  effects  in  high 
gradient  colli  near  dielectric  structures.  These  issues  will  need 
to  be  resolved  for  any  practical  dielectric-based  wakefield 
accelerator. 

The  noncollinear  drive-witness  configuration  will  be  used  to 
investigate  wakefield  transformer  schemes  which  offer  the 
potential  of  generating  high,  accelerating  gradients  without  the 
stringent  injection  tolerances  required  by  collinear  geometries 
to  suppress  single  bunch  beam  breakup  effects.  One  particular 
class  of  devices  being  developed  by  the  AWA  group  are 
coupled  wake  tube  structures  [6].  The  wake  generated  by  the 
drive  bunch  in  a  dielectic  loaded  guide  is  transferred  via  quarter 
wave  matching  section  to  a  smaller  bore  accelerating  structure. 
Figure  4  shows  a  numerical  calculation  of  the  gradient  step  up 
for  a  particular  geometry  as  a  function  of  matching  section 
length,  demonstrating  that  the  expected  transfer  efficiency  am 
be  attained.  Note  that  the  optimum  matching  section  length  is, 
as  expected,  slightly  less  than  X/4  due  to  end  effects. 


Matching  Section  Length  (cm) 

Figure  4.  Numerical  simulation  of  gradient  step  up  as  a  function 
of  matching  section  length  for  a  20  GHz  coupled  wake  tube 
transformer.  The  expected  step  up  of  2.S  is  attained. 


Status  and  Commissioning 

The  drive  linac  components  have  been  fabricated  and 
assembled,  and  witness  gun  fabrication  is  underway.  After 
a  setback  due  to  the  default  of  the  vendor,  the  if  system  is 
nearing  completion,  and  cavity  conditioning  in  expected  to 
begin  this  summer.  Commissioning  of  Phase  I  of  the  AWA 
will  be  completed  by  the  aid  of  CY1993. 
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The  drive  bunch  generated  at  the  AWA  is  sufficient  to  perform 
the  fust  experimental  investigations  of  the  Briezman  effect  in 
plasma  wakefield  acceleration  [7].  In  this  regime  all  electrons 
are  ejected  from  the  plasma  behind  the  drive  bunch,  resulting 
in  extraordinary  gradients.  The  plasma  wakefield  experiment 
planned  at  the  AWA  is  predicted  to  generate  gradients  of  1 
GeV/in. 
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Abstract 

A  fully  self-consistent  theory  of  ferromagnetic 
waveguide  accelerators  driven  by  a  relativistic  electron  beam 
is  developed.  The  theoretical  analysis  is  based  on  Faraday's 
law,  which  provides  a  second -order  partial -differential 
equation  of  the  azimuthal  magnetic  field,  under  die  assumption 
that  pc  >  >  1.  Here  p  and  «  are  the  permeability  and 
dielectric  constant  of  the  waveguide  material.  The  azimuthal 
magnetic  field  and  axial  acceleration  field  are  obtained  in 
forms  of  integral  equations  for  an  arbitrary  profile  of  the 
drive-beam  current  I(t). 

I.  INTRODUCTION 

An  induced  electric  field  appears  whenever  the 
magnetic  field  changes  in  time.  This  induced  electric  field  is 
an  excellent  means  for  charged  particle  acceleration.  One  of 
the  most  advanced  devices  for  intense  electron  beam 
accelerators  is  die  induction  linear  accelerator  (Linac),1  where 
each  module  of  many  local  accelerators  applies  its  electric 
field  to  a  cluster  of  traveling  electrons.  The  electric  field  of 
each  local  accelerator  in  Linac  originates  from  the  time 
varying  magnetic  field,  which  is  excited  by  an  electrical 
current  carried  by  a  wire.  In  recent  years,  there  has  been  a 
strong  progress  in  the  high-current  electron-beam  technology. 
Electron  beams  with  an  energy  of  10  MeV  and  a  current  of  10 
kA  are  easily  available  in  the  present  technology.  In  addition, 
a  tremendous  improvement  has  been  made  in  the  effective 
control  of  these  electron  beams,  including  the  focus, 
modulation,  and  a  timely  termination  of  the  beam  current. 
Thus,  the  electron  beam  itself  is  used  as  a  drive  current  in  the 
wakefield  accelerators,  where  a  short  and  intense  bunch  of 
electrons  passes  through  a  plasma2-4  or  dielectric 
waveguide,  7  leaving  behind  intense  electromagnetic  field. 
The  axial  component  of  this  electromagnetic  field  accelerates 
charged  particles  in  the  witness  beam,  which  follows  the  drive 
electron  beam.  Based  on  the  transverse  magnetic  (TM) 
waveguide  modes,  a  preliminary  theory6,7  has  been  developed 
to  estimate  the  acceleration  field,  which  is  the  fundamental- 
radial  mode  in  most  cases.  However,  in  reality,  the 
acceleration  field  is  a  sum  of  the  whole  radial  modes,  which 
»  a  complicated  function  of  various  physical  parameters. 
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including  the  geometric  configuration,  the  material  properties 
of  the  waveguide,  and  so  on.  In  addition,  evolution  of  die 
acceleration  field  in  time  is  again  a  sum  of  the  every  radial¬ 
mode  evolution.  In  this  regard,  we  develop  a  fully  self- 
consistent  theory  of  the  wakefield  accelerators,  which  consists 
of  a  waveguide  with  a  ferromagnetic  material. 

MAGNETIC  FIELD-ENERGY  STORAGE: 

HIGH-PERMEABILITY  LOW-CONDUCTIVITY 


Fig.  1.  Ferromagnetic  waveguide  accelerators. 


n.  BASIC  ASSUMPTIONS 

The  theoretical  model  is  based  on  the  induced  electric 
field  due  to  decay  of  the  field  energy  stored  in  an  energy 
storage  device.  As  shown  in  Fig.  1,  we  assume  that  an 
electron  beam  with  current  I(t)  propagates  through  a  hole  with 
radius  of  Rj  in  the  field-energy  storage  with  radius  of  1^. 
Note  that  the  electron-beam  current  I(t)  carries  both  charge 
and  current,  which  store  the  electric-  and  magnetic-field 
energies  in  the  energy  storage  device.  The  line  charge  density 
A(t)  carried  by  the  current  I(t)  is  given  by  L(t)  =  I(t)/f)c, 
where  Pc  is  the  beam  velocity  and  c  is  the  speed  of  light  in 
vacuum.  In  the  subsequent  analysis,  a  polar  coordinate 
system  is  introduced  with  die  z-axis  along  the  axis  of 
symmetry,  r  represents  the  radial  distance  from  the  axis  and 
0  is  the  polar  angle.  The  system  is  azimuthally  symmetric 
around  the  axis.  Due  to  a  slowly  changing  current  I(t),  the 
azimuthal  magnetic  field  Bg  in  the  energy  storage  material  is 
given  by 

a) 

CT 
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where  p  is  the  permeability  of  the  energy  storage  material. 

Similarly,  die  radial  electric  field  E,  in  the  range  of  r  -  fJdkakJ,{kr)*xp{-kk$,  (6) 

satisfying  Rt  <  r  <  Rj  is  given  by 

EJ(r, j)  -  *  (2)  where  Jj(x)  is  the  Bessel  function  of  the  first  kind  of  order 

r  *Pcr  one  and  is  the  generalized  frequency.  Substituting  Eq.  (6) 

into  Eq.  (5)  and  defining 

where  c  is  the  dielectric  constant  of  the  energy  storage  _ 

material.  The  field  energy  associated  with  die  magnetic  and  2 no  ,  _  1  4**0*  k*c*  (7) 

electric  fields  in  Eqa.  (1)  and  (2)  is  stored  in  the  energy  Y*'c’  *  *~^c*  pc  ’ 

storage  material. 


We  note  from  Eqs.  (1)  and  (2)  that  die  induced 
electric  field  due  to  the  radial  electric  field  Er  is  negligible  in 
comparison  with  that  due  to  the  azimuthal  magnetic  field  Bg 
for  the  energy  storage  material  with  cp  >  >  1,  which  is 
common  in  present  applications.  In  this  context,  in  the 
subsequent  analysis,  we  use  the  relation 

j-EjrA  -  0> 


we  find  that  the  generalized  frequency  Ak  is  expressed  as 
At  -  Y*  "  ® 

Defining  the  critical  wave  number  kg  by 


in  evaluation  of  the  induced  electric  field  resulted  from  a  fast-  we  can  express  the  time  profile  of  the  solution  in  Eq.  (6)  by 

changing  drive  current. 

HI.  ACCELERATING  FIELD  FOR  DRIVE-BEAM  I(t) 

As  shown  in  Eq.  (3),  the  induced  electric  field  (10) 

increases  drastically  as  die  drive  current  decreases  quickly. 

Remember  that  a  high  induced  electric  field  is  needed  for  which  satisfies  the  initial  and  final  conditions,  qk(t=0)  =  1 

efficient  acceleration  of  charged  particles.  When  die  drive  and  qk(t=“»)  =  0.  Substituting  Eq.  (10)  into  Eq.  (6),  the 

current  changes  quickly,  die  induced  electric  field  must  be  desired  solution  is  expressed  as 
determined  in  a  self-consistent  manner.  Ampere's  law  in  the 

Maxwell  equation  is  written  as  B,(r^)  -  j^dka^^k^q^t).  (H) 

,jB.  Ml*.  (4) 

c  dt  c 


j«xp(«ti).  0  <  k  <  *b. 
I  cos(wki),  k  >  *0. 


where  B  is  the  magnetic  field,  E  is  the  electric  field,  and  the 
total  current  density  Jj  represents  both  the  steady-state  beam 
current  and  the  induced  current  J^.  Assuming  that  die 
conductivity  of  the  energy  storage  material  is  o,  the  induced 
current  density  is  expressed  as  =  oE.  Making  use  of 
Faraday's  law,  the  cud  of  Eq.  (4)  is  expressed  as 


or  r  or  c* 


.In  -Mil 


B,  -  0,  (5) 


We  now  calculate  the  magnetic  field  Bg(r,t)  driven 
by  the  current  I(t)  =  I(t')U(t-t'),  where  U(x)  is  the  Heaviside 
step  function  defined  by  U(x)  =*  1  for  x  >  0  and  0, 
otherwise.  It  is  obvious  that  Bg  =  0  for  t  <  t’  by  the 
causality.  The  magnetic  field  at  the  time  t  >  t'  is  expressed 
as 

*»M  -  ♦  f~dkakJi(kr)q£-t/), 

cr  ™ 

(12) 


in  the  storage  device  defined  by  the  range  of  r  satisfying  Rj 
<  r  <  R^.  In  obtaining  Eq.  (5),  we  have  neglected  the  term 
(dz/d^)Bg  ”  (l/fiVx&N*. )®8*  wbich  is  much  less  than 
the  term  proportional  to  pc  in  Eq.  (5)  provided  pc  >  >  1. 

The  solution  of  Eq.  (8)  is  expressed  as 


where  the  first  term  in  the  right-hand  ride  represents  die 
steady-state  solution  and  the  second  term  represents  the  time- 
transient  solution.  Note  that  the  time-transient  solution  in  Eq. 
(12)  vanishes  at  the  tune  t  -  ».  In  obtaining  Eq.  (12),  we 
have  neglected  the  steady-state  solution  outride  of  the  energy 
storage  material,  assuming  that  the  magnetic  permeability  of 
the  material  is  much  higher  than  unity  (p  >  >  1). 
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Making  use  of  the  initial  condition  q^t-t')  «  1  at  t 
—  t\  we  obtain 

*  ["rteSiM  -  0.  <13> 

Cf 

from  Eq.  (12).  Multiplying  Eq.  (13)  by  rJj(k'r)  and  making 
use  of  the  orthogonality  of  the  Bessel  function 

fcxdxJihx)J,(ix)  -  (M) 

we  obtain 

fl*  -  2p^l/0(wy  -  (15) 

c 

where  Jq(x)  is  die  Bessel  function  of  the  first  kind  of  order 
zero.  Substituting  Eq.  (IS)  into  Eq.  (12),  the  magnetic  field 
at  die  time  t  >  t*  is  therefore  expressed  as 

V) .  (W) 

-  J#* MWiJt-*). 

for  R1  <  r  <  R^. 

It  is  necessary  to  evaluate  the  magnetic  field  due  to 
the  drive  beam  pulse  defined  by  I(t)  =  I(t’)U[(t’ + A t'-tXt-t')] 
with  the  pulse  length  At*.  Paralleling  die  derivation  of  Eq. 
(16),  the  magnetic  field  at  the  time  t  >  t' + At*  is  given  by 

AB.M  -  -  2pMjo“A{7o{joy 

C  (17) 

-  UkR,)]Ji(kr)(-±}q^t', 

which  is  the  magnetic  field  contributed  by  a  segment  At'  of 
the  drive  beam  current  I(t').  In  obtaining  Eq.  (17),  we  have 
assumed  that  the  pulse  length  At'  is  very  small.  Integrating 
Eq.  (17)  over  the  timet',  we  can  show  that  the  magnetic  field 
Bg(r,t)  due  to  a  continuous  drive  beam  is  expressed  as 

-  W.W 

(18) 

which  determines  the  magnetic  field  in  the  storage  material  for 
an  arbitrary  time  profile  of  die  drive  beam  current  1(f). 

The  induced  axial-electric  field  Eg  is  proportional  to 


the  time  derivative  of  the  azimuthal  magnetic  field  as  shown 
in  Eq.  (3).  Substituting  Eq.  (18)  into  Eq.  (3)  gives 

jffrA  -  -  %  /0'At/0(«2)  -J0(kR,)Wkr) 

€  (W> 


where  use  has  been  made  of  the  relation  (d/dtyq^  «  - 
(d/dt*^.  Neglecting  the  azimuthal  magnetic  field  outside 
the  energy  storage  material  (r  >  Rrf,  we  approximate  the 
boundary  condition  of  the  axial  electric  field  by  Ez(r,t)  «  0 
at  r  =  R2.  Integrating  Eq.  (19)  over  the  radius  r,  die  axial 
electric  field  in  the  energy  storage  material  (Rj  <  r  <  Rj)  is 
given  by 

c  m 


Because  we  neglect  the  axial  electric  field  due  to  die 
azimuthal  magnetic  field  in  die  hole  (r  <  Rj),  the  axial 
electric  field  Eg,  which  accelerates  the  charged  particles  at  the 
axis,  is  approximately  given  by  the  electric  field  at  r  ■  Rj. 
Equation  (20),  together  with  Eq.  (18),  is  one  of  the  main 
results  of  this  article  and  can  be  used  to  determine  die 
acceleration  gradient  for  a  broad  range  of  physical  parameters, 
including  properties  of  die  energy  storage  material,  geometric 
configuration  of  the  system,  species  of  die  charged  particles, 
and  intensity  of  the  drive-beam  current.  Specific  examples  of 
application  of  Eq.  (20)  will  be  presented  in  the  following 
papers. 
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Abstract 


H.  WAKEFIELD  FOR  THE  ACCELERATION 


A  novel  high-gradient  wakefield  accelerator  is 
presented  in  which  die  drive-beam  current  leaves  behind  a 
high-gradient  wakefield,  accelerating  the  witness  beam  to  very 
high  energy.  The  theoretical  analysis  is  based  on  Faraday's 
law,  which  provides  a  second-order  partial -differential 
equation  of  the  azimuthal  magnetic  field,  under  die  assumption 
that  pc  >  >  1.  The  accelerating  field  can  be  more  than  one 
half  of  one  gigavott/meter  in  an  appropriate  choice  of  system 
parameters. 


I.  INTRODUCTION 

In  recent  years,  there  has  been  a  strong  progress  in 
die  high-current  electron-beam  technology.  Electron  beams 
with  an  energy  of  10  MeV  and  a  current  of  10  kA  are  easily 
available  in  the  present  technology.  In  addition,  a  tremendous 
improvement  has  been  made  in  the  effective  control  of  these 
electron  beams,  including  the  focus,  modulation,  and  a  timely 
termination  of  die  beam  current.  Thus,  die  electron  beam 
itself  is  used  as  a  drive  current  in  die  wakefield  accelerators, 
where  a  short  and  intense  bunch  of  electrons  passes  through 
a  plasma1-3  or  dielectric  waveguide, leaving  behind  intense 
electromagnetic  field.  The  axial  component  of  this 
electromagnetic  field  accelerates  charged  particles  in  the 
witness  beam,  which  follows  die  drive  electron  beam.  Baaed 
on  the  transverse  magnetic  (TM)  waveguide  inodes,  a 
preliminary  theory5  ,6  in  a  dielectric  waveguide  accelerator  has 
been  developed  to  estimate  the  acceleration  field,  which  is  the 
fundamental-radial  mode  in  most  cases.  However,  in  reality, 
the  acceleration  field  is  a  sum  of  the  whole  radial  modes, 
which  is  a  complicated  function  of  various  physical 
parameters,  including  die  geometric  configuration,  die 
material  properties  of  the  waveguide,  and  so  on.  In  addition, 
evolution  of  die  acceleration  field  in  time  is  again  a  sum  of 
the  every  radial-mode  evolution.  In  this  regard,  I  develop  a 
fully  self-consistent  theory  of  die  wakefield  accelerators, 
which  consists  of  a  waveguide  with  a  ferromagnetic  material. 
Aa  will  be  seen  later,  die  accelerating  field  is  proportional  to 
dm  square  root  of  the  parameter  p/e,  where  p  and  e  are  the 
permeability  and  dielectric  constant  of  the  waveguide  material. 
The  hi^ier  the  permeability,  the  higher  the  accelerating  field. 


This  work  was  supported  by  the  Independent  Research  Fund  at  the 
Naval  Surface  Warfare  Center. 


The  theoretical  model  is  based  on  the  induced  electric 
field  due  to  decay  of  the  field  energy  stored  in  an  energy 
storage  device.  We  assume  that  an  electron  beam  with 
current  I(t)  propagates  through  a  hole  with  radius  Rj  in  the 
field-energy  storage  with  radius  of  1^.  The  energy  storage 
device  is  a  waveguide  with  a  ferromagnetic  material. 
Whenever  the  drive-beam  current  I(t)  decreases,  die  induced 
electric  field  Ez(r,t)  appears  in  the  system.  The  induced  axial- 
electric  field  Eg  is  calculated  from  die  Faraday's  law  and 
given  by 


-  -  -|£  fQ"~  UolkRj)  -  J0 (kR,)]* 


d 

dt' 


qk(t  -t') 


9 


(1) 

where  Jq(x)  is  the  Bessel  function  of  the  first  kind  of  order 
zero. 


cr*(t)  -  exp t)  cob ( — t)  <2) 

*  Jv* 


is  the  time  function  and  a  is  the  residual  conductivity  in  the 
material  although  it  is  very  small  (zero  in  a  practical  sense). 
Substituting  Eq.  (2)  into  Eq.  (1)  and  carrying  out  partial 
integrations  in  time  and  radial  coordinate,  I  obtain  the 
accelerating  field 


-  «J0(lcR1)Ianln[  c(|Z5--  *1 , 
y/\& 

<3> 

where  the  abbreviation  Ez(t)  represents  Ez(0,t).  In  obtaining 
Eq.  (3),  I  have  neglected  the  turns  proportional  to  the  residual 
conductivity  a. 

For  convenience  in  die  subsequent  analysis,  the 
normalized  times  tj  and  t2  are  defined  by 


_  c(t-t') 

*  J  **  t 

2Rx/^€ 


t  _  c(t-t’) 

1  2Rj^pe  ' 


(4) 
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where  we  note  that  t  j  *  R^tj/Rj.  For  Rj  >  >  Rj,  the 
normalized  time  tj  is  much  longer  than  the  time  t2.  Making 
uae  of  Eq.  (4),  we  can  rewrite  Eq.  (3)  by 

*[sin(2T1x)  «■  3-sin(2tax)  <5) 

-  nln(2Tax))  . 

/tj  4/0  (XJ 

In  the  remainder  of  this  article,  the  analysis  is  restricted  to  the 
case  when  die  inner  radius  Rj  of  die  energy  storage  device  is 
much  less  than  die  outer  radios  R^,  i.e.,  Rj  <  <  R^.  In  this 
limit,  we  note  several  points  from  Eqs.  (4)  and  (5).  First,  the 
term  proportional  to  sin(2T|X)  in  die  integrand  in  Eq.  (5) 
dominates.  The  corrections  associated  with  other  terms  are  of 
die  order  (R|/R2)1/2  or  less.  Second,  the  peak  values  of  die 
integration  over  the  variable  x  in  Eq.  (5)  occur  around  the 
time  t  satisfying  •  1,  tj  •  1  aD^  x2  “  (Ri^)1^.  which 
correspond  to  the  contributions  from  the  terms  proportional  to 
sin^TjX),  (R1/R2)sin(2T2X)  and  Jq^jX/R^,  respectively,  in 
die  right-hand  side  of  Eq.  (5).  hi  die  early  stage,  die  term 
proportional  to  sinQTjX)  dominates,  hi  this  regard,  we  keep 
the  term  proportional  to  sin(2T1x)  in  Eq.  (3),  neglecting  other 
terms.  If  needed,  die  corrections  associated  with  other  terms 
can  be  calculated  in  a  straightforward  manner. 

The  integration  over  die  variable  x  is  carried  out  by 
making  use  of  the  integral7 

,  tt<l, 

-i-JO-i-),  ,,>1. 


where  K(x)  is  the  elliptical  function  of  die  first  kind  defined 

*»y 


*<x)--5.  [l  +<-!•) ax**(4r)ajf4  +  ,"l  <7> 

2  2  2*4 


After  carrying  out  a  straightforward  calculation,  I  show  that 
the  acceleration  field  Ez  in  Eq.  (5)  is  approximated  by 


Bs(t)  -  - 


ncR ! 


•tJrfTj)  U(l-tx)  ♦  |/<*rx-l)  1 , 

T1  T1 


(8) 


where  U(x)  is  the  Heaviside  step  function.  Equation  (8)  can 
be  used  to  calculate  the  acceleration-gradient  field  for  a  broad 
range  of  system  parameters,  where  the  drive  current  changes 
fast.  Note  that  the  drive-beam  current  I(t)  in  Eq.  (8)  is  not 
specified  yet. 


In  order  to  investigate  the  long  pulse-driven 
accelerator,  we  consider  die  drive  current  defined  by 


t<0, 

-£).  0 <  t<  At, 
t>  At, 


<»> 


where  die  parameter  At  is  the  termination  tune  of  the  drive 
beam  current.  In  reality,  the  drive-beam  current  I(t)  at  t  < 
0  increases  very  slowly  to  1^,  at  t  »  0.  Thus,  Eq.  (9)  is  a 
good  approximation.  Substituting  Eq.  (9)  into  Eq.  (8),  and 
making  use  of  die  definitions  in  Eq.  (4)  and 


T 


Ct 

2Riy/\k€  ' 


cA 

IRyyfct  ' 


(10) 


die  acceleration  field  can  be  expressed  as 


B,(t) 


_Hs_ 

%Rtc 


(ii) 


where  the  function  q(x)  for  the  drive  current  in  Eq.  (9)  is 
defined  by 

?<*>--=* fcfc'ffd I-*')  tritjau-t,) 

q  Jo 

irfTj-i)1 ,  <12> 

Ti  Ti 


and  x'  =  x  -  tj. 

Figure  1  presents  plots  of  the  function  q(x)  versus 
the  normalized  time  t  obtained  from  Eq.  (12)  for  q  =  0.05 
(solid  line),  0. 1  (broken  line),  0.2  (dotted  line),  and  0.4  (thin 
broken  line).  Several  points  are  noteworthy  in  Fig.  1.  First, 
the  shorter  the  normalized  termination  tune  the  higher  die 
peak  value  of  the  function  q.  Second,  die  peak  value  of  die 
function  q(x)  is  about  2.5  even  for  a  relatively  slow 
termination  time.  This  peak  value  occurs  at  x  •  1.  Third, 
the  function  q(x)  is  always  positive  for  the  choice  of  the  drive 
current  in  Eq.  (9).  Fourth,  the  value  of  the  function  q  in  die 
range  of  t  satisfying  0  <  x  <  q  increases  linearly  with  time 
t.  As  we  note  from  Eq.  (9),  the  drive  current  decreases 
linearly  to  zero  in  this  range  of  t.  Because  the  q  value  of 
this  tail  portion  of  the  drive  beam  increases  with  time,  the 
termination  slope  stiffens  further.  This  mechanism  may 
decrease  die  normalized  termination  time  q  as  time  goes  by. 
Filially,  we  emphasize  that  the  time  duration  of  the  high 
acceleration  field  is  quite  broad.  This  property  is  important 
for  a  long  witness  beam.  In  die  limit  when  the  normalized 
termination  time  q  is  much  less  than  unity,  i.e.,  q  <  <  1, 
Eq.  (12)  is  approximated  by 
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qr(t)  - 


Jr(T--a-) , 


0<t<n, 


1 . 4  ♦  In  (*§•)#  1<T<1*11. 


<13) 


iln(i). 


which  agrees  reasonably  well  with  die  numerical  result  in  Fig. 
1  even  fori)  *  0.4. 


Fig.  1.  Plots  of  the  function  q(x)  versus  die  normalized  time 
t  obtained  from  Eq.  (12)  for  q  =  0.0S  (solid  line),  0.1 
(broken  line),  0.2  (dotted  line),  and  0.4  (thin  broken  line). 


As  an  example,  I  assume  that  the  current  termination 
parameter  is  equal  to  q  *  0.05,  for  which  the  peak  value  of 
the  function  q  is  3.2  and  the  accelerating  field  is  given  by 


2J. 


RyC 


(14) 


Assuming  that  the  drive  current  ^  =  20  kA,  the  hole  radius 
Rj  =  0.4  cm  and  p/c  =  4,  we  find  from  Eq.  (14)  that  the 
accelerating  field  is  given  by  =  0.6  gigavolt/meter,  which 
is  very  encouraging  number.  The  current  termination 
parameter  i)  —  0.05  corresponds  to  the  real  termination  time 
of  At  «  2.6  picosecond  far  pc  =  4.  As  shown  in  Eq.  (9), 
die  risetime  of  die  drive-beam  current  must  be  considerably 
longer  than  die  termination  time.  The  risetime  of  26 
picosecond  may  be  enough  for  present  example.  The 
accelerating  field  in  Eq.  (14)  for  a  ferromagnetic  waveguide 
is  six  times  of  that  in  a  dielectric  waveguide5  for  similar 
system  parameters.  I  remind  the  reader  that  the  whole  pulse 
length  in  die  example  is  less  than  1  cm,  thereby  practically 
indicating  that  the  drive  beam  is  an  intense  bunch  of  electrons. 
The  total  charge  of  the  drive-beam  current  in  die  example  is 


leas  than  300  nanocoulomb.  Tailoring  the  beam  pulse  as 
above  is  very  important  to  achieve  a  high 
accelerating  gradient.  Obviously,  the  wakefield  accelerator  in 
a  ferromagnetic  waveguide  has  a  great  potential  for  high 
gradient  acceleration  of  electrons. 


In  order  to  achieve  die  high  acceleration  field,  we 
most  overcome  two  technical  problems.  First,  the  magnetic 
field  in  the  energy  storage  material  is  limited  by  the  saturation 
field  B|t  which  is  expressed  as 


B. 


2  H  Im 

Cl 


(15) 


Once  die  magnetic  field  in  the  storage  material  is  saturated  by 
the  drive  current  Im,  any  additional  increase  of  die  current 
does  not  help  much.  Eliminating  the  current  Im  in  favor  of 
the  saturation  field  B(,  we  rewrite  Eq.  (14)  as 

<1«> 

Vp« 

for  the  saturation  current  satisfying  Eq.  (IS).  Equation  (16) 
clearly  indicates  that  acceleration  field  is  linearly  proportional 
to  die  saturation  field  of  die  malarial.  The  higher  the 
saturation  field  the  higher  the  acceleration  field.  Second, 
reversal  time  of  the  magnetization  in  the  storage  material  must 
be  on  the  order  of  nanosecond  or  less.  A  sub-nanosecond 
reversal  time  has  been  accomplished  several  decades  ago  for 
a  small  amount  of  high-permeability  materials  with  p  of  100 
or  mom.8  However,  the  wakefield  accelerator  for  a  high- 
current  beam  requires  a  bulk  storage  material.  Establishing 
a  short  reversal  time  of  die  magnetization  in  a  bulk  material 
may  require  further  research  on  die  material  science. 
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Abstract 

A  novel  high-gradient  magnetic  field-decay 
accelerator  is  presented  in  which  the  drive-beam  leaves  behind 
a  high-gradient  accelerating  Add  produced  by  die  magnetic 
field  decay.  The  electromagnetic  fields  indicate  a  decaying 
function  of  die  time.  As  an  example,  we  obtain  the 
acceleration  field  for  the  case  of  a  short  and  intense  drive 
bunch,  which  is  represented  by  a  parabolic  function  of  time. 
With  appropriate  physical  parameters,  die  acceleration 
gradient  of  toe  magnetic  field-decay  accelerator  can  be  easily 
more  than  150  megavolt/meter. 

I.  INTRODUCTION 


the  required  drive  current  for  toe  saturation  field  is  given  by 
=  660  kA,  which  is  equivalent  to  Im  =  660  Afor|i  « 
1000.  The  total  charge  of  this  drive  beam  pulse  is  Q  »  85 
nanocoulomb  for  Im  =  660  A. 

0.  EVALUATION  OF  ACCELERATING  FIELD 

The  theoretical  model  is  based  on  the  induced  electric 
field  due  to  decay  of  the  field  energy  stored  in  an  energy 
storage  device.  We  assume  that  an  electron  beam  with 
current  I(t)  propagates  through  a  hole  with  radius  of  Rj  in  the 
field-energy  storage  with  radius  of  1^.  If  die  current  drops 
abruptly,  toe  magnetic  field  stored  in  the  material  decays, 
thereby  generating  an  acceleration  electric  field 


In  recent  yean,  there  has  been  a  strong  progress  in 
the  high-current  electron-beam  technology.  Electron  beams 
with  an  energy  of  10  MeV  and  a  current  of  10  kA  are  easily 
available  in  dm  present  technology.  In  addition,  a  tremendous 
improvement  baa  been  made  in  the  effective  control  of  these 
electron  beams,  including  the  focus,  modulation,  and  a  timely 
termination  of  the  beam  current.  Thus,  the  electron  beam 
itself  is  used  as  a  drive  current  in  accelerators.  In  this 
presentation,  we  study  the  acceleration  mechanism  based  on 
the  magnetic  field  decay.1  The  magnetic  field  energy  is 
stored  in  a  high-permeability  material  by  a  continuous  beam 
current.  If  the  currant  drops  abruptly,  the  magnetic  field 
stored  in  the  materia]  decays,  thereby  generating  an 
acceleration  electric  field.  Physics  of  the  accelerating  field 
arising  from  the  finite  conductivity  waveguide  is  very  similar 
to  that  of  the  longitudinal  resistive  wall  instability2,3  which 
has  been  investigated  for  application  to  circular  accelerators. 
In  this  presentation,  a  theory  of  the  magnetic  field  diffusion  is 
developed,  in  order  to  estimate  the  acceleration  gradient 
whenever  the  sustaining  beam  current  drops.  As  an  example, 
we  obtain  toe  acceleration  field  for  toe  case  of  a  short  and 
intense  drive  bunch,  which  is  represented  by  a  parabolic 
function  of  time.  The  acceleration  field  is  given  by  Em  = 
150  MV/m,  for  the  waveguide  hole  radius  of  Rj  =  0.5  cm, 
the  saturation  magnetic  field  Bg  =  15  kG,  and  At  =  10*1® 
second.  Assuming  that  toe  parameter  po  =  80  siemens/m. 


This  work  was  supported  by  the  Independent  Research  Fund  at  the 
Naval  Surface  Warfare  Center. 
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where  the  time  function  qk(x)  is  defined  by 

<7t(r-r0  -  expf-  ^(*-*0 ].  <2> 


and  a  and  p  are  toe  conductivity  and  magnetic  permeability 
of  toe  energy  storage  material.  Substituting  Eq.  (2)  into  Eq. 
(1),  we  show  that  the  acceleration  electric  field  Ez  is 
expressed  as 


*»  -  - 

,2/, 
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-  J0(kRJf 


For  convenience  in  the  subsequent  analysis,  we  define 
toe  normalized  times  C  and  C  by 


_d!_  M 

2x0 pR?  2x0pR? 


(4) 
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Making  use  of  Eq.  (4),  Eq.  (3)  is  rewritten  as 

m  -  -  rhfy&I !’*#« 

"  (5) 


The  integration  over  the  variable  x  is  carried  out  by  making 
use  of  the  integral4 


jJxdxOXp{-  p2xV,<tt4/,(P*) 
W*™  4p*  1  'V 


(6) 


which  is  one  of  the  main  result  in  this  section  and  can  be  used 
to  calculate  die  accelerating  field  for  a  brand  range  of  system 
parameters.  Note  that  the  drive  current  I(t)  in  Eq.  (10)  is  not 
specified  yet.  I  remind  the  reader  that  Eq.  (10)  is  valid  for  ( 
-  f  *  <  10.  This  requires  that  the  observation  time  (  must  be 
close  to  the  time  C,  at  which  the  maximum  current-change 
occurs.  As  will  be  seen  later,  the  peak  acceleration  field 
occurs  right  after  the  maximum  current  decrease.  Therefore, 
the  restriction  v  -  £’  <  10  is  well  justified.  Similarly,  the 
arimiirtial  magnetic  field  at  r  =  Rj  is  obtained  from  BgfRj.t) 
=  -(3/3r)Az(r,t)  and  given  by 


*,(*1.0 


(ID 


of  the  Bessel  functions.  The  accelerating  field  in  Eq.  (5)  is 
expressed  as 


which  will  be  used  to  estimate  the  magnetic  field  at  r  «  Rj 
only  for  a  fast-changing  drive  current. 

As  an  example,  we  consider  the  case  when  the  drive 
electron  beam  has  a  very  short  pulse  with  the  pulse  profile 
defined  by 


(7) 


m  -  /.(i 

A  r 
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where  At  is  a  constant  related  to  the  beam  pulse  and  U(x)  is 
the  Heaviside  step  function.  Substituting  Eq.  (12)  into  Eq. 
(11)  and  carrying  out  the  integration  over  the  time  t' ,  we 
obtain  the  acceleration  field 


where  =  C  -  C*. 


The  contribution  of  the  second  and  third  terms  in  the 
square  bracket  in  the  right-hand  side  of  Eq.  (7)  is  less  than  20 
percent  if  the  parameter  I^/Rj  is  larger  than  five  in  practical 
applications.  Thus,  we  neglect  these  terms  and  Eq.  (7)  is 
simplified  to 


Recognizing  the  approximation 


-W-Vot1) 

X  XX 


(9) 


for  the  variable  x  satisfying  x  <  10,  we  can  further  simplify 
the  acceleration  field  in  Eq.  (8)  by 


£<(«)  - 
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where  the  function  q(u)  is  defined  by 


-  ’>•  ‘  '•  <14, 

+  1  (2k-1  )-}/u  -  1  (2a +  1),  it  >  1. 


Shown  in  Fig.  1  is  plot  of  the  function  q(u)  versus  the 
normalized  time  u  obtained  from  Eq.  (14).  Value  of  the 
fimction  q  at  early  stage  of  the  drive-beam  pulse  is  negative, 
indicating  that  the  drive  beam  transfers  its  kinetic  energy  into 
the  field  energy  in  the  energy  storage  device.  This  large 
negative  value  of  the  function  q  inside  the  drive  pulse 
decelerates  the  beam  itself  quickly.  In  this  regard,  the  pulse 
profile  in  Eq.  (12)  is  not  appropriate  for  efficient  acceleration 
of  the  witness  beam.  The  negative  value  of  q(u)  in  the  pulse 
must  be  minimized  by  a  gradual  increase  of  the  drive-beam 
current.  However,  this  simple  profile  is  good  for  the 
feasibility  study,  which  is  the  puipose  of  this  article.  As 
shown  in  Fig.  1,  the  function  q  increases  from  its  minimum 
as  dm  normalized  time  u  increases  from  u  =  -  0.5  to  1 .  By 
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(18) 


self-evolution,  this  portion  of  the  drive  pulse  will  stiffen  the 
termination  slope  of  the  current,  eventually  increasing  the 
peak  value  of  the  function  q.  The  peak  value  of  die  function 
q(u)  occurs  at  u  —  1,  where  the  drive  pulse  ends.  Electrons 
trailing  the  drive  beam  get  their  maximum  energy  gain.  In 
reality,  die  peak  value  of  die  function  q  measured  at  the  axis 
occurs  littie  later  than  u  =  1  because  there  is  a  traveling  time 
of  the  acceleration  field  from  r  =  Rj  to  r  =  0.  Eq.  (14)  (or 
Fig.  1)  exhibits  that  there  is  no  negative  value  of  q(u)  outside 
the  drive  beam  pulse  (u  >  1).  In  this  regard,  this  system  is 
not  useful  for  acceleration  of  positrons.  The  positive  peak 
value  is  about  q(U“  1)  =  1.5.  Therefore,  the  maximum 
acceleration  field  is  given  by 


Em 


xc/J,  \|  oAt 


(15) 


from  Eq.  (13). 


obtained  from  Eq.  (14)  for  the  drive  current  profile  in  Eq. 
(12). 

It  is  important  to  determine  the  magnetic  field  at  r  = 
Rj  because  the  field  there  must  be  less  than  the  saturation 
value  Ba.  Substituting  Eq.  (12)  into  Eq.  (11)  and  carrying  out 
a  straightforward  calculation,  we  obtain 


7_Ar 
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Eliminating  die  beam  current  in  favor  of  the  saturation  field 
B(,  die  maximum  acceleration  field  is  expressed  as 

e  -  15*.  b0  m 

"  cAr  0 

which  is  remarkably  proportional  to  die  hole  radius  Rj.  For 
specified  saturation  field  and  pulse  length,  the  acceleration 
field  increases  linearly  as  the  hole  radius  increases. 

As  an  example,  we  consider  the  case  of  Rj  =  0.5 
cm,  the  saturation  magnetic  field  Ba  =*  15  lcG,  and  At  = 
10'10  second.  The  acceleration  field  for  these  parameters  is 
given  by  Em  =  150  MV/m  obtained  from  Eq.(19).  Assuming 
that  the  parameter  po  =  80  siemens/m,  the  required  drive 
current  for  the  saturation  field  is  given  by  plm  =  660  kA, 
which  is  equivalent  to  Im  =  660  A  for  p  =  1000.  The  total 
charge  of  this  drive  beam  pulse  is  Q  =  85  nanocoulomb  for 
Ihj  =  660  A.  Therefore,  the  acceleration  field  per  unit  charge 
for  these  parameters  is  given  by  Em/Q  =  1.8  MV/m/nC, 
which  is  similar  to  the  result  obtained  from  die  Wakefield 
accelerator  study  for  similar  physical  parameters. 

A  high-current  relativistic  electron  beam  with 
relatively  low  energy  propagates  through  a  hole  bored  along 
the  field  storage  device.  Obviously,  there  should  be  a 
physical  mechanism  to  maintain  an  equilibrium  condition  of 
the  beam.  The  axial  magnetic  field  is  an  excellent  means  to 
hold  the  beam  electrons  together.  However,  in  this  case,  the 
magnetic  field  may  not  penetrate  well  through  the  high- 
permeability  material.  We  thus  propose  to  use  the  ion- 
foe  used-regime  (IFR)  propagation5  of  the  electron  beam. 
When  a  relativistic  electron  beam  propagates  through  a 
preionized  channel,  channel  electrons  are  expelled  by  the 
electrostatic  force  generated  by  the  head  of  the  beam,  leaving 
an  ion  channel  behind.  This  ion  channel  partially  neutralizes 
the  space  charge  field  of  the  electron  beam,  thereby  permitting 
a  focused  beam.  The  IFR  propagation  of  a  relativistic 
electron  beam  has  been  well  demonstrated. 


- 


J  -4:  si-h' 

15*R?N  ®Af  Al 


(16) 


where  the  function  g(u)  is  defined  by 

g(u)  -  ^TT(3  ♦  u  -  2b*).  (17) 

The  magnetic  field  increases  from  zero  and  reaches  its  peak 
value  of  3.67  at  u  =  0.5  and  decreases  as  the  time  progresses 
from  the  head  of  the  beam  to  infinity.  Making  use  of  this 
peak  value,  we  can  approximately  relate  the  drive  current  to 
die  saturation  field  by 
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Abstract 

A  3-D,  tune-dependent  code  is  used  to  simulate  an  array  of 
standing-wave  free -elec  Iron  lasers  (SWFELs)  in  the  two-beam 
accelerator.  It  is  shown  that  for  an  array  of  SWFELs  with  9 
cavities  and  a  100.6-ns,  0.5-kA,  7.98-MeV  electron  beam 
prebunched  at  17.1  GHz,  an  averaged  energy  output  of  14.7JAn 
can  be  obtained  with  a  fluctuation  of  less  than  11%. 

I.  INTRODUCTION 

In  the  standing-wave  free -electron  laser  (SWFEL)  two-beam 
accelerator  (TBA),1  a  low  energy,  high  current  drive  beam 
alternatively  loses  its  energy  for  generation  of  microwave 
power  in  standing-wave  cavities  and  has  its  energy  replenished 
in  induction  cells.  The  microwave  power  is  coupled  into  high- 
gradient  rf  structures  to  accelerate  an  extremely  relativistic 
electron  beam  of  low  average  current.  Hence  the  drive  beam 
behaves  as  an  energy  converter,  which  converts  the  energy  from 
the  induction  cells  into  rf  energy.  In  the  TBA  configuration,  the 
extraction  of  microwave  power  from  each  free-electron  laser 
(PEL)  cavity  is  small  (usually  only  a  few  percent)  compared  to 
the  electron  beam  power  so  that  the  phase-space  distribution  of 
the  electrons  is  not  severely  distorted  by  the  rf  Helds. 
Therefore,  if  the  FEL  cavities  are  periodically  set  in  such  a  way 
that  the  energy-phase  phase  space  of  the  beam  before  each 
cavity  has  the  same  distribution,  then  the  fluctuation  of  the  rf 
ouput  powers  from  these  FEL  cavities  will  be  small  and  the 
output  energy  per  unit  length  of  the  array  of  SWFELs  in  the  TBA 
becomes  relatively  stable. 

Many  studies  have  been  made  on  the  SWFELs  in  the  TBA 
using  the  continuum-cavity  model1  and  the  discrete-cavity 
model*’^  and  the  impedance-based  analysis  method.11  These 
treatments  are  all  based  on  a  one-dimensional  assumption. 
Recently,  a  three-dimensional,  time-dependent  code,  RKFEL, 
written  based  on  the  code  RKTW2D,?  has  been  used  to 
investigate  a  multi-cavity  FEL.**  However,  no  reacceleration 
structures  were  taken  into  account.  In  this  paper,  we  use  the 
code  RKFEL  to  study  the  first  sections  of  a  SWFEL/TBA, 
through  which  a  well-prebunched  electron  beam  is  passing.  The 
beam  after  each  cavity  is  reaccelerated  by  induction  cells  so  that 
its  average  energy  remains  constant  from  cavity  to  cavity.  It  is 
shown  that  for  an  array  of  SWFELs  with  9  cavities  and  a  100.6- 
ns,  0.5-kA,  7.98-MeV  electron  beam  prebunched  at  17.1  GHz, 
an  averaged  energy  output  of  14.7J/m  can  be  obtained  with  a 
fluctuation  of  less  thanl  1%. 

II.  DESCRIPTION  OF  THE  ARRAY  OF  SWFELS 

So  as  to  be  specific,  and  because  of  computer  cost,  for  the 
array  of  SWFELs  we  have  only  used  nine  identical  FEL  sections, 
as  shown  in  figure  1.  Each  FEL  section  is  102  cm  (6  wiggler 
periods)  long.  A  beam  source  provides  a  0.5-kA,  7.98-MeV 
electron  beam  with  a  radius  of  3.17  mm.  The  beam  is  assumed  to 
have  passed  through  a  prebuncber  and  be  well  bunched  at  a 
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frequency  of  17.1  GHz  and  have  a  peak  rf  current  of  984A.  Then 
the  prebunched  beam  goes  into  the  FEL  sections  after  it  passes  a 
119-cm  drift  pipe  with  a  7-period  tapered  linear  wiggler.  In  each 
FEL  section  t  figure  2),  there  is  a  cavity  with  a  width  of  5  cm,  a 
height  of  3  cm,  and  a  length  of  86.88  cm,  a  reacceleration  ceil  6 
cm  long,  and  a  drift  pipe  9.12  cm  long.  The  linear  wiggler  is 
uniform  and  its  period  is  17  cm.  Die  cavity  has  a  resonance 
frequency  of  17.3  GHz  and  a  wall-dissipation  quality  factor  of 
10,000  and  an  external  quality  factor  of  16,  operating  at 
TEo.1,96  mode.  The  width  and  height  for  all  the  drift  pipes  are, 
respectively,  4  cm  and  0.8  cm. 
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Figure  1 .  Block  diagram  of  an  array  of 
the  standing-wave  free-electron  lasers. 
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Figure  2.  A  FEL  section. 


It  should  be  noted  that  the  length  of  the  FEL  section  is 
taken  as  an  integer  multiple  of  the  wiggler  period  to  ensure  that 
the  beam  before  each  cavity  has  the  same  equilibrium 
distribution  in  the  phase  space  and  thus  to  reduce  variations  of 
output  power.  In  fact,  however,  the  phase-space  distributions 
before  the  FEL  sections  can  not  be  made  to  be  exactly  the  same 
because  of  the  spread  in  velocities  and  the  three-dimensional 
effects  of  the  wiggler  magnetic  field  such  as  betatron  motion. 

The  vector  potential  of  the  linear  wiggler  magnetic  field, 
provided  by  parabolically  curved  magnet  pole  faces,  is  given  by 
the  following  analytic  expression^ 

A* = TTz)^- ch(fcr)  ch  (kyy)  sin(*«^),  (1) 

k* 

Ay = - 1\z)Bw 0  **  sb(t*r)  sb(*,y )  sin(*„z>  (2) 

1„  ky 

where  Bw o  is  the  wiggler  magnetic  field  amplitude  on  the  axis, 
the  wiggler  wave  number  is  given  by  JfcM,=2x/>lH,  with  /l*,  the 

wiggler  period,  kf+k$=kZ  and  the  tapering  factor  is  given  by 
T(z)=znXw  when  z<7A^ ,  and  T(z)=l  when  z27 A*,.  When  k^=0, 
not  only  the  rf  field  but  also  the  wiggler  field  is  independent  of 
x,  and  the  transverse  canonical  momentum  Px  is  a  constant, 
which  is  used  to  check  the  computational  precision. 
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HI.  SIMULATION  RESULTS 

We  ran  tfae  code  RKFEL  to  simulate  the  array  of  the  SWFELs 
with  200  computational  particles.  The  wiggler  amplitude  Bw o  is 
taken  as  0.455  T  with  kx=ky,  corresponding  to  a  detuning 
frequency  of  1.28%.  Figure  3  shows  the  input  beam  energy  and 
current  versus  time  before  the  prebuncher.  The  100.6-ns  pulse 
has  a  4.7-ns  rise  time,  91.2-ns  flat  top,  and  4.7-ns  fall  time. 
We  assume  that  through  the  prebuncher,  a  distribution  with  an 
initial  energy  spread  Ayf<y>=\%  and  an  initial  phase  spread  Aat 
=0.2n  is  loaded,  where  y  is  the  electron  relativistic  factor  and  <t> 
is  the  drive  wave  frequency.  The  200  particles  are  randomly 
distributed  within  this  phase-space  rectangle.  Figure  4  shows 
the  phase-space  distribution  for  the  50th  bucket  (about  the  60th 
ns)  of  the  beam  right  after  the  prebuncher  and  before  each  FGL 
section.  In  the  tapered  wiggler  region,  the  energy  spread  and 
the  wiggler  three-dimensional  effect  cause  increase  in  the  phase 
spread,  and  the  phase-space  rectangle  before  the  tapered  wiggler 
region  is  changed  into  a  parallelogram  before  the  first  FEL 
section.  From  the  fifth  section  on,  the  distributions  are  quite 
similar,  and  the  fluctuation  of  output  energy  becomes  much 
smaller.  The  phase  spread  does  not  change  very  much  compared 
with  the  initial  spread.  However,  simulations  indicate  that  in  a 
state  without  rf  fields,  the  phase  spread  can  become  very  large 
with  increase  in  cavity  number  beacause  of  the  spread  in 
longitudinal  velocities.  So,  the  FEL  interaction  has  the  effect 
of  constraining  the  phase  spread  at  the  expense  of  increasing 
the  energy  spread. 
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Figure  4.  Beam  distributions  in  the  a*-yspace. 

Figure  5  shows  the  dependence  of  representative  cavity 
output  power  on  time.  The  output  power  pulse  is  a  little 
shortened  with  increase  in  the  cavity  number.  However,  the 
power  difference  between  the  maximum  and  minimum  is  less 
than  15  MW  for  the  flat  part  of  the  pulse.  Simulations  also 
indicate  that  for  a  too  small  detuning  frequency,  the  FEL 
interaction  can  not  lock  the  phase  spread  effectively  and, 
further,  greatly  increase  the  energy  spread  so  that  the  output 
power  is  rapidly  decreased  with  cavities.  For  a  too  large 
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Figure  7.  Output  energy  Wout  and  fluctuation 
versus  cavity  number  N. 

for  a  well-bunched  beam  the  single-particle  model  is  a  very  good 
approximation. 


IV.  CONCLUSION 


detuning  frequency,  however,  the  output  power  for  the  cavities 
becomes  too  small. 

Figure  6  shows  the  electron  efficiency  and  power  efficiency 
versus  cavity  number  for  the  SOth  bucket.  The  electron 
efficiency  is  defined  as  »Je=(<y(B>-<  y0> )/<?,„> ■  where  <yin> 
and  <ya>  are  the  averaged  y before,  and  after,  a  cavity.  The 
power  efficiency  is  defined  as  r\p=Pout!Pb<  where  Pout  is  the 
output  power  of  a  cavity  and  Pf,  is  the  input  beam  power.  The 
electron  efficiency  is  a  little  greater  than  the  power  efficiency 
because  some  power  is  lost  on  the  cavity  walls. 

Figure  7  shows  the  output  energy  and  fluctuation  versus 
cavity  number  (solid  circles)  during  the  whole  output  pulse.  The 
maximum  is  16.6  J  and  the  minimum  is  14.4  J.  The  averaged 
energy  output  over  the  array  of  FGL  sections  is  14.7  J/m.  The 
fluctuation  of  the  output  energy  is  caused  by  the  non-exact 
periodicity  of  the  electron  beam  distribution  in  the  phase  space. 
Many  factors  may  influence  the  periodicity  of  a  beam 
distribution.  The  wiggler  three-dimensional  effect,  energy 
spread,  and  action  of  rf  Helds  can  all  deteriorate  the  periodicity. 
To  find  out  how  much  different  the  single-particle  model  and  the 
multi-particle  model1  are,  we  ran  the  code  with  an  initial  phase 
spread  of  0.002k  and  a  beam  radius  of  0.0317  mm  (1%  of  the 
original  ones).  As  shown  in  figure  7  (hollow  circles),  they  are 
in  reasonable  agreement.  The  averaged  output  energy  is 
different  only  by  less  than  3.5%  of  the  original  one.  Therefore, 


Figure  6.  Electron  efficiency  i\e  and  power 
efficiency  t]p  versus  cavity  number  N. 


In  conclusion,  kr  „•  array  of  SWFELs  with  many  cavities 

in  the  TB  A  structure,  L,c  phase-space  distribution  before  each 

cavity  becomes  quite  simalar  after  the  beam  passes  through  only 

a  few  cavities,  and  a  stable  energy  output  can  be  obtained. 
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Abstract 

High  conversion  efficiency  of  electron  beam 
energy  to  rf  energy  can  be  achieved  in  two-beam 
accelerators  using  reacceleration  of  the  bunched  drive 
beam.  To  study  issues  with  these  designs  we  are 
planning  a  demonstration  in  which  a  modulated 
beam's  energy  is  boosted  as  it  passes  through  induction 
accelerator  cells.  For  this  experiment  we  will  use  the 
front  end  of  the  Choppertron  to  modulate  a  5  MeV 
electron  beam  at  11.4  GHz.  We  have  now  tested  the 
5-MeV  Choppertron  and  are  reporting  on  the  results. 
For  the  reacceleration  experiment  we  plan  to  use  three 
stages  of  rf  power  extraction  interspersed  with  two 
stages  of  reacceleration. 

I.  INTRODUCTION 

We  are  designing  an  experiment  based  on  the 
Choppertron  to  study  the  reacceleration  of  a 
modulated  beam  as  a  verification  of  the  feasibility  of 
building  a  relativistic  klystron  two-beam  accelerator 
(RK-TBA).  The  motivation  of  our  research  program 
at  the  LLNL  Microwave  Source  Facility  is  to  develop 
microwave  sources  which  could  be  suitable  drivers  for 
a  future  TeV  linear  e+e*  collider.  The  Choppertron1  <2 
is  a  microwave  generator  which  used  transverse 
modulation  to  generate  x-band  microwaves.  It  was 
originally  designed  for  a  2.5-MV,  1-kA  drive  beam 
and  configured  with  two  traveling-wave  structures 
(TWS).  Although  the  Choppertron  has  demonstrated 
high-power  pulses,  >150  MW  per  output  at  11.424 
GHz  with  stable  phase  and  amplitude  and  >400  MW 
total  peak  power,  the  conversion  efficiency  of  beam 
energy  to  microwaves  was  only  about  30%.  To  be  a 
competitive  rf  source  for  a  collider  the  conversion 
efficiency  would  have  to  be  significantly  increased. 
One  means  of  improving  the  efficiency  is  by 
reaccelerating  the  beam  and  extracting  additional 
power.  The  application  of  this  concept  to  a  linear 

collider  is  referred  to  as  the  RK-TBA. _ 

•The  work  was  performed  under  the  auspices  of  the 
U.S.  Department  of  Energy  by  Lawrence  Livermore 
National  Laboratory  under  contract  W-7405-ENG-48. 


Figure  1.  Schematic  of  the  proposed  reacceleration 
experiment. 

II.  THE  5-MEV  MODULATOR  EXPERIMENT 

Initial  computer  simulations3  for  the 
reacceleration  experiment  with  a  2.5  MeV  electron 
beam  showed  a  significant  decrease  in  the  available 
beam  power  for  extraction  due  to  debunching  of  the 
modulated  beam  by  longitudinal  space  charge  effects. 
Therefore,  we  added  10  induction  cells  to  our  beam 
line,  which  increases  the  beam  energy  to  5.0  MeV 
before  it  enters  the  Choppertron.  We  have  now  tested 
a  modified  version  of  the  Choppertron  designed  for 
the  5-MeV  induction  accelerator  beam.  These 
modifications  included  aggressive  suppression  of 
higher  order  modes  in  the  two  output  structures,  and 
lengthening  of  the  modulation  section.  Figure  1  shows 
a  layout  of  the  proposed  reacceleration  experiment. 
Our  simulations  indicate  relatively  consistent  power 
extraction  of  100-150  MW  from  each  of  the  TWS  and 
no  beam  breakup  due  to  excitation  of  higher  order 
modes  (HOM). 

Output  rf  power  in  the  initial  Choppertron  was 
limited  by  the  excitation  of  HOMs.  The  HOM 
damping  in  the  the  recent  experiments  proved 
effective  at  reducing  this  problem.  However, 
operation  with  the  damped  structures  did  not  increase 
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the  output  power  levels  to  the  designed1  250  MW.  We 
now  believe  that  beam's  emittance  is  a  primary  factor 
in  limiting  the  obtainable  output  power  in  the  present 
configuration  of  the  Choppertron.  In  our  experiments, 
the  emittance  of  the  beam  determines  the  beam  radius 
at  various  positions  along  the  beam  line.  This  is 
especially  important  in  the  modulator  section  where 
the  betatron  resonance  and  emittance  are  matched1  to 
produce  a  desired  betatron  wavelength  and  beam 
radius. 

A  collimator,  which  consists  of  a  2-cm  diameter 
1-m  long  pipe  surrounded  by  four  solenoids,  is  located 
after  the  injector.  It  serves  as  an  emittance  selector 
allowing  only  the  portion  of  the  incident  beam  which 
can  maintain  a  radius  equal  or  smaller  than  the 
collimator's  pipe  radius  to  pass.  By  varying  the 
magnetic  field  of  the  collimator,  the  amount  of  current 
transported  through  the  pipe  is  adjusted  from  the  8 
kA  emitted  from  the  cathode  to  the  desired  beam 
current.  Measurements  indicate  that  at  1  kA  the 
electron  beam  has  a  normalized  edge  emittance  of 
about  104  Ji-cm-mr,  and  at  0.5  kA  a  normalized  edge 
emittance  of  52  Ji-cm-mr. 

When  the  Choppertron  was  initially  being 
designed,  the  intention  was  to  operate  it  on  a  different 
accelerator  which  had  an  normalized  edge  emittance 
of  about  60  it-cm-mr.  A  number  of  simulations3  were 
performed  using  the  relativistic  klystron  code  RKS24 
to  determine  the  best  values  of  drive  power, 
solenoidal  fields,  and  incident  current  to  maximize 
output  power  with  no  further  modifications  of  the 
modulator.  Figure  2  shows  the  variation  of  generated 
rf  current  with  solenoidal  field  for  about  1.2  MW  of 
deflection  cavity  drive  and  at  four  different  values  of 
emittance/ current.  The  emittance  values  used  in 
these  simulations  agree  with  emittance  measurements 
made  on  the  injector  at  those  currents.  The  rf  current 
produced  by  the  modulator  has  a  broad  maximum 
with  magnetic  field,  drive  power  and  beam  current. 
The  320  amps  of  rf  current  shown  in  Figure  2  is 
expected  to  produce  about  130  MW  of  rf  power  per 
output  structure. 

In  the  recent  5-MeV  experiments  a  combined  peak 
power  for  the  two  structures  of  260  MW  was  measured 
(110  MW  in  the  first  TWS  and  150  MW  in  the  second 
TWS).  However  these  high  peak  power  pulses  were 
very  narrow,  due  to  electrical  breakdown.  Wide  pulse 
up  to  100  MW  could  be  produced  in  both  output 
structures  (Figure  3).  Additional  rf  conditioning  may 
be  required  to  achieve  higher  output  power.  We  plan 
to  install  other  components  to  the  experiment  before 
spending  additional  conditioning  time.  We  will  also 
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Figure  2.  Predicted  rf  current  for  different  beam 
emi fiances  and  dc  currents,  drive  level  *  1.2  MW. 
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Figure  3.  RF  power  produced  in  recent  experiments. 

investigate  other  possible  sources  of  the  electrical 
breakdown  such  as  the  rectangular  waveguide  flanges 
and  the  rf  loads  used  in  the  experiment. 

During  the  recent  experiment  we  studied  the  rf 
power  which  is  reflected  off  the  loads  used  to  absorb 
the  high  power  rf  generated  in  the  output  structures. 
The  loads  only  have  a  low  VSWR  close  to  the  11.424 
GHz  operating  frequency.  The  leading  edge  of  the  rf 
output  pulse  has  frequency  components  which  are 
reflected  off  the  loads.  This  reflected  power  results 
in  higher  electrical  fields  in  the  TWS  during  the 
leading  edge  of  the  pulse  and  can  lead  to  breakdown. 
A  VSWR  of  1.35  for  the  load  experimentally 
decreased  the  sustainable  output  power  by  -60%. 
Similar  problems  will  occur  when  the  output 
structures  are  connected  to  the  high  energy  accelerator 
structures  in  a  two  beam  accelerator.  A  slower  ramp  in 
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the  front  edge  of  the  rf  pulse  may  be  desirable  to 
alleviate  this  problem. 

Operation  of  the  Choppertron  at  low  input  beam 
currents  (500  amps)  has  been  useful  in  understanding 
the  operation  of  the  device.  At  these  lower  currents 
the  beam  has  a  lower  emittance  which  results  in  good 
current  transmission  through  the  output  structures. 
Also  there  are  lower  electrical  field  stresses  on  the 
surfaces. 

III.  MODELING  FOR  THE  REACCELERATION 
EXPERIMENT 

Computer  simulations3  has  been  performed  to 
study  the  reacceleration  of  a  modulated  beam.  Our 
simulations  indicate  that  approximately  250  MW/m 
can  be  achieved  (assuming  a  1  kA  drive  beam  with 
normalize  emittance  of  104  it-cm-mr).  The  two 
induction  cells  used  for  reacceleration  should  not 
adversely  effect  the  electron  beam  dynamics. 
However,  a  completely  redesigned  induction  cell 
which  takes  advantage  of  the  small  bore  of  the  beam 
line  and  has  significantly  reduced  impedance 
characteristics  is  needed  for  larger  reacceleration 
experiments.  Similarly,  the  growth  of  transverse 
instabilities  caused  by  the  traveling-wave  structures 
should  not  be  significant  for  this  experiment,  but  will 
require  further  study5  as  the  number  of  output 
structures  is  increased.  We  intend  to  use  data  from  a 
currently  operating  experiment  to  improve  the 
modeling  for  the  reacceleration  experiment. 


Figure  4  .  Thai  2-cell  TWS  to  be  tested  next. 

IV.  NEXT  EXPERIMENT 

In  our  next  experiment  we  plan  on  replacing  the 
two  TWSs  with  one  12-cell  TWS  designed  and 
constructed  by  the  Haimson  Research  Corporation  (see 
Figure  4).  The  structure  was  designed  so  that  when  it 
is  driven  with  420  amperes  of  rf  current  it  will  produce 
400  MW  of  rf  output  in  fundamental  waveguide. 
With  the  320  amperes  of  rf  current  we  believe  we  are 
now  producing  with  the  5-MeV  Choppertron  it  should 
produce  about  230  MW.  This  structure  has  mode 
suppression  similar  to  the  de-Q-ing  circuits  used  in 
the  present  Choppertron  output  structures  plus 


suppression  of  higher  order  modes  propagating  down 
stream  of  the  structure.  We  also  hope  to  test  a  feed 
forward  phase  and  amplitude  stabilization  system 
with  this  TWS. 

v.  Conclusion 

Initial  experiments  using  the  Choppertron  with 
a  5-MeV  drive  beam  have  been  completed.  Beam 
breakup  due  to  the  excitation  of  higher  order  modes  in 
the  traveling-wave  output  structures  was  successfully 
suppressed.  We  have  identified  the  beam's  emittance 
as  being  a  constraint  on  maximum  achievable  rf  output 
power.  Additional  running  time  will  be  needed  for 
conditioning  the  rf  surfaces  in  these  output  structures 
to  obtain  output  power  greater  than  100  MW.  We 
have  shown  that  the  front  end  of  the  Choppertron  can 
serve  as  the  modulator  for  the  reacceleration 
experiments  which  will  start  later  this  summer. 
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Abstract 

The  analysis  of  a  100-MeV  demonstration 

experiment  based  upon  inverse  Cerenkov  accel¬ 
eration  (ICA)  is  presented.  This  experiment 
would  use  the  Accelerator  Test  Facility  (ATF)  at 
Brookhaven  National  Laboratory.  With  50-GW  of 
delivered  laser  peak  power  from  the  ATF  CO2 
laser,  our  analysis  indicates  the  65-MeV  ATF  e- 
beam  can  be  accelerated  to  >165  MeV  using  three 
stages  of  acceleration  in  ~1  m  of  total  length.  The 
number  of  electrons  accelerated  can  be  raised  to 
~109  by  prebunching  the  e-beam  using  an  already 
available  device. 

I.  INTRODUCTION 

Laser  particle  acceleration  research  has 
been  making  steady  progress.  A  number  of  exper¬ 
iments  are  in  progress.  The  Accelerator  Test 
Facility  (ATF)  has  been  constructed  at  Brook¬ 
haven  National  Laboratory  and  is  available  for 
laser  acceleration  experiments.  This  new  facility 
features  a  50-MeV  linac,  which  will  be  upgraded 
to  65-MeV,  and  a  high  peak  power  (~10  GW) 
CO2  laser,  which  also  can  be  upgraded  to 
generate  100-GW  c it  peak  power. 

The  US  Department  of  Energy  (DOE)  is 
interested  in  a  near-term  100-MeV  laser  accel¬ 
eration  demonstration  experiment  The  DOE  is 
also  interested  in  the  design  for  a  1-GeV  linac 
based  upon  laser  acceleration. 

This  paper  describes  the  design  of  a  100- 
MeV  demonstration  experiment  that  is  based 
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upon  inverse  Cerenkov  acceleration  (ICA)  and 
can  be  performed  at  the  ATF  using  much  of  the 
existing  equipment 

II.  EXISTING  ICA  EXPERIMENT 

An  inverse  Cerenkov  laser  acceleration 
experiment  is  currently  being  performed  at  the 
ATF  [1].  Hydrogen  gas  (P  -  1.7  atm)  is  used  in  a 
gas  cell  to  slow  the  phase  velocity  of  the  laser 
light  to  match  the  electron  velocity.  The  beams 
intersect  at  a  Cerenkov  angle  of  0C  -  20  mrad  with 
an  interaction  length  of  20  cm. 

The  ATF  ICA  experiments  are  testing  an 
improved  geometry  [2]  that  focuses  a  radially 
polarized  laser  beam  onto  the  e-beam.  Assuming 
5-GW  of  laser  peak  power  delivered  to  the 
interaction  region  (for  a  10-GW  input  into  a  50% 
efficient  optical  system),  an  energy  gain  of  ~12 
MeV  is  predicted.  This  gain  scales  as  the  square 
root  of  laser  peak  power.  Thus,  a  peak  power  of 
50-GW  delivered  will  result  in  38-MeV  energy 
gain. 

The  present  gas  cell  design  is  already  near 
optimum  for  the  ATF  conditions  and  can  be  used 
as  the  basis  for  a  multistaged  100-MeV  ICA 
demonstration  experiment.  Since  one  stage  gives 
38-MeV  energy  gain  (assuming  50-GW  delivered 
laser  peak  power),  three  stages  will  yield  >100 
MeV  energy  gain.  The  only  major  changes  to  the 
existing  ICA  experiment  needed  are  upgrading  the 
ATF  CO2  laser  to  produce  100-GW  peak  power 
and  modifying  the  gas  cell  system  to  recycle  the 
laser  beam.  This  latter  issue  is  discussed  in  more 
detail  next. 
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ffl.  CONCEPTUAL  DESIGN  FOR  100-MeV 
DEMONSTRATION  EXPERIMENT 

Figure  1  is  the  simplified  conceptual 
arrangement  for  the  100-MeV  ICA  demonstration 
experiment.  A  small  portion  of  the  drive  laser 
power  (-120  MW)  is  sent  to  a  prebuncher;  the 
rest  of  the  power  (-100  GW)  is  sent  to  the  3- 
stage  accelerator. 


mm 


I  **  I 

Figure  1.  Conceptual  arrangement  for  the  100- 
MeV  demonstration  experiment 


Prebunching  the  e-beam  before  it  enters 
the  multistaged  accelerator  will  significantly 
enhance  the  experiment.  Without  prebunching  the 
electrons  enter  the  multistaged  accelerator  at  all 
phases  resulting  in  only  a  small  fraction  of 
electrons  being  accelerated  to  the  full  100-MeV 
energy  gain.  The  existing  gas  cell  being  used  in 
the  current  ICA  experiments  can  be  used  as  a 
prebuncher.  Only  ~120  MW  of  laser  peak  power 
is  needed  to  drive  the  prebuncher  and  will  give  an 
optimum  bunching  distance  z*  *  20  cm.  At  this 
point  the  prebunched  e-beam  will  enter  the 
multistaged  accelerator. 

A.  3 -Stage  ICA  Accelerator  Concepts 

Two  possible  arrangements  for  the  multi¬ 
staged  accelerator  are  shown  in  Figures  2  and  3. 
In  the  first  concept  (Figure  2),  the  incoming 
radially  polarized  laser  beam  reflects  off  a  45° 
mirror,  which  has  a  small  hole  in  its  center  for 
passage  of  the  e-beam.  The  laser  beam  then 
reflects  off  a  curved  axicon  and  is  focused  down 
onto  the  e-beam.  (The  purpose  for  using  a  curved 
axicon  will  be  explained  later  in  Section  m.B.) 
After  intersecting  the  e-beam  in  the  first  stage, 
the  spent  laser  beam  reflects  off  a  slightly  conical 
cylindrical  mirror  tube..  This  tube  functions  the 
same  as  the  curved  axicon  and  focuses  the  laser 
light  back  onto  the  e-beam  in  the  second  stage. 
The  process  repeats  itself  for  the  third  stage. 


This  first  concept  is  very  similar  in  arrangement  to 
the  existing  ATF  ICA  experiment  [1],  which  uses 
a  flat  axicon  rather  than  a  curved  one,  has  only 
one  stage  of  acceleration,  and  does  not  use 
cylindrical  mirror  tubes. 


MOTME  MCMOE 


Figure  2.  Concept  for  a  3-stage  ICA  accelerator. 

One  disadvantage  of  the  first  concept  is 
the  length  of  gas-filled  space  between  the  accel¬ 
eration  stages,  which  leads  to  additional  scat¬ 
tering  of  the  electrons  by  the  gas  molecules. 
Similar  to  the  present  ICA  experiment,  each 
interaction  region  is  20-cm  long.  This  means  the 
space  between  the  stages  must  be  >20  cm. 
Hence,  for  this  first  concept  the  total  3-stage 
accelerator  length  is  -110  cm. 

Figure  3  depicts  an  alternative  concept  for 
the  3-stage  accelerator  that  minimizes  the 
distance  between  stages.  The  incoming  radially 
polarized  laser  beam  travels  through  a  45°  minor 
with  a  large  hole  in  its  center.  The  laser  beam 
reflects  off  a  waxicon,  which  converts  the  beam 


Figure  3.  Alternative  concept  for  3-stage  ICA 
accelerator. 


into  a  hollow  one  while  maintaining  its  radial 
polarization  characteristics.  This  hollow  beam  is 
directed  off  the  45°  mirror  to  the  curved  axicon 
where  it  is  focused  onto  the  e-beam.  The  spent 
laser  beam  then  immediately  reflects  off  the 
slightly  conical  cylindrical  mirror  tube  towards  the 
second  stage,  and  the  process  repeats  itself  for 
the  third  stage.  Since  the  incoming  laser  beam 
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does  not  need  to  travel  through  the  mirror  tubes 
as  in  Figure  2,  the  diameter  of  the  tubes  can  be 
reduced  thereby  decreasing  the  space  between 
acceleration  stages.  The  total  accelerator  length 
of  this  second  concept  is  -70  cm. 


Hence,  if  for  example,  6C  =  20  mrad,  f/  =  100  ps, 
and  L-  110  cm  (see  Figure  2),  then  the  amount  of 
slippage  is  1.5%  of  the  laser  pulse  length.  There¬ 
fore,  recycling  the  laser  pulse  should  not  be  an 
issue. 


B.  Slippage  Compensation 

In  the  preceding  concepts,  the  curved  axi- 
con  helps  compensate  for  phase  slippage  between 
the  electrons  and  light  wave  as  the  electrons  gain 
energy  within  each  interaction  region.  The 

Cerenkov  angle  6C,  given  by  cos0c  =  (1/njS). 
where  n  is  the  index  of  refraction  of  the  gas  and  /? 
is  the  ratio  of  electron  velocity  to  the  velocity  of 
light,  changes  as  the  electrons  gain  energy.  By 
varying  the  Cerenkov  angle  within  the  interaction 
region  it  will  be  possible  to  maintain  near  optimum 
phase  matching  as  the  of  the  electrons 
increases.  This  can  be  done  by  using  a  slightly 
concave  axicon  such  that  the  angle  of  intersection 
is  slightly  larger  (~1  mrad  for  the  ATF  conditions) 
at  the  end  of  the  interaction  region  than  at  the 
beginning.  The  slightly  conical  shape  of  the 
cylindrical  mirror  tubes  also  accomplishes  this 
same  effect  An  alternative  method  for  j3-slippage 
compensation  is  to  use  a  slightly  converging  laser 
beam  reflecting  off  a  flat  axicon  and  straight 
cylindrical  mirror  tubes. 

C.  Recycling  Laser  Beam 

Another  issue  implied  in  the  preceding 
concepts  is  being  able  to  reintersect  the  laser 
pulse  with  the  electron  bunch  in  the  second  and 
third  stages.  Due  to  differences  in  the  electron 
drift  velocity  relative  to  the  effective  group 
velocity  of  the  laser  pulse,  the  relative  drift 
distance  between  the  electrons  and  light  pulse 
over  a  distance  L  is 


IV.  SUMMARY 

Table  1  summaries  the  estimated  perfor¬ 
mance  for  the  100-MeV  ICA  demonstration 
experiment 


Table  1 

Estimated  Performance  of  100-MeV  ICA 
Demonstration  Experiment 


ATF  Parameter 

Assumed  Value 

Injector 

CO2  Laser  Peak 
Power 

65  MeV  e-beam 

50  GW  (delivered) 

ICA  Parameter 

Estimated  Performance 

Energy  Gain 
#  of  Accelerated 
Electrons/Pulse 
Energy  Gradient 

95  to  125  MeV  (net) 

>5x  10« 

1st  Concept:  >92  MeV/m 
2nd  Concept:  >143  MeV/m 

The  effect  on  e-beam  emittance  requires 
additional  analysis  to  extract  emittance  infor¬ 
mation  from  the  models.  Emittance  growth  is  less 
of  an  issue  for  high-y  e-beams;  however,  the  ATF 
e-beam  energy  is  relatively  low  which  will  impact 
the  emittance  growth  of  the  accelerated  e-beam. 
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Abstract 

We  discuss  an  electron-positron  linear  collider 
B-Factory  using  Inverse  Free  Electron  Lasers  (IFEL)  to 
accelerate  the  beams.  The  requirements  on  luminosity, 
larger  than  10^3  cm'2  s'*,  and  energy  spread  of  a  B 
Factory  introduce  stringent  conditions  on  the  accelerator 
and  the  interaction  region.  We  study  the  longitudinal 
dynamics  through  the  IFEL,  the  efficiency  of  the 
acceleration  process,  and  the  ratio  of  particles  which 
become  accelerated,  and  fall  within  die  resonance.  The 
device  is  found  to  perform  well  in  the  presence  of  large 
variations  in  the  laser  field  intensity  over  the  beam.  We 
also  discuss  the  laser  system  powering  the  IFEL,  and 
some  of  the  system  tolerances. 

Introduction 

The  set  of  beam  requirements  demanded  by  a 
linear  collider  B-Factory,  summarized  in  Table  1  is  very 
difficult  to  satisfy,  and  represents  a  challenge  for  a  novel 
acceleration  technique  such  as  the  IFEL.  The  set  of 
parameters  needed  at  the  interaction  point  (IP)  for  such 
a  B-Factory  were  identified  in  a  previous  paper  fl]  on 
which  this  work  is  based.  Such  an  accelerator  must  meet 
stringent  requirements  for  the  beams trahlung  fractional 
energy  spread,  the  final  energy  spread  of  the 
accelerator,  and  the  luminosity. 

Because  the  particles  are  delivered  from  the 
injector  at  a  random  phase  with  respect  to  the  optical 
wave,  care  must  be  taken  to  match  these  initial  particles 
to  the  acceleration  buckets.  This  matching  is  crucial  to 
achieving  a  final  energy  spread  which  has  a  maximal 
overlap  with  the  Upsilon(4S)  resonance,  having  a  full 
width  of  24  MeV.  We  examine  the  efficiency  of  this 
matching  and  present  simulation  results. 

An  advantage  of  the  IFEL  over  conventional 
accelerators  is  the  efficiency  in  utilizing  the  incoming 
electromagnetic  energy.  This  is  the  result  of  having  the 
radiation  confined  to  a  region  close  to  the  bunch.  The 
efficiency  of  energy  extraction,  or  beam  loading,  is 
influenced  by  the  choice  of  parameters,  such  as  the 
beam  current.  An  upper  limit  on  this  beam  loading 
must  be  chosen  based  on  the  effect  on  the  acceleration 
process  as  a  result  of  modifying  the  peak  electric  field. 
We  note  that  in  the  IFEL,  beam  loading  does  not  directly 
lead  to  an  energy  spread,  such  as  in  a  conventional 
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linac. 

By  altering  the  waveguide  dimensions,  it  is 
possible  to  modify  the  slippage  of  the  bunch  relative  to 
the  radiation  pulse.  The  zero  slip  regime  offers  the 
possibility  of  adjusting  the  tapering  to  compensate  for 
the  loss  in  power  of  the  radiation.  Also,  because  this 
approach  lends  itself  more  readily  to  using  multiple 
acceleration  sections,  the  power  density  required  of  toe 
drive  laser  is  decreased. 

The  average  power  and  repetition  frequency 
requirement  on  the  drive  laser  make  a  free  electron  laser 
the  most  likely  candidate  for  this  task  [1].  Driven  by  a 
superconducting  linac,  such  an  FEL,  assuming  40 
percent  energy  extraction,  can  insure  good  wallplug 
efficiency  for  the  entire  system. 


Table  1.  Beam  and  Collider  Parameters 


Beam  Energy  (GeV) 

5 

Luminosity  (cmV) 

1033 

Average  Beams  trahlung.  AE/E 

2xl0-3 

No.  Particles/ Bunch 

1.14  xlO10 

Pulse  Repetition  Rate  (sec'*) 

10* 

ot  (pm) 

0.249 

P*  at  I.P.  (mm) 

0.31 

oz  (mm) 

0.31 

Disruption  Parameter 

16 

Pinch  Enhancement 

6 

Invariant  Emittance  (m-rad) 

2x10-* 

IFEL  Designs 


We  envision  an  IFEL  which  begins  with  an 
untapered  prebunching  section,  then  a  set  of 
acceleration  modules,  and  finally  a  section  which 
reduces  the  energy  spread.  We  choose  a  constant  period 
wiggler,  which  is  not  the  optimum  case  but  the  easiest 
to  examine.  The  resonant  phase  \yr,  describing  the 
particle  which  does  not  undergo  synchrotron 
oscillations,  is  set  to  it/ 4,  as  a  compromise  between  high 
acceleration  rate  and  sensitivity  to  parameters.  Several 
studies  have  been  made  of  the  waveguide  used  to 
contain  the  radiation  which  suggest  that  low  loss 
propagation  is  feasible  [4,5,6].  With  a  suitable  choice  in 
waveguide  parameters,  the  amount  of  slippage  between 
the  particles  and  the  radiation  can  be  altered.  Case  A  of 
Table  2  has  no  slippage  control  and  consists  of  a  single 


2617 


module,  while  Case  B  is  an  example  of  zero  dip  (7]  and 
has  18  modules.  The  application  of  the  zero  slip 
condition  leads  to  a  severely  restricted  waveguide 
aperture,  (2  mm).  While  an  actual  device  using  these 
parameters  may  have  problems  with  beam  propagation, 
this  example  will  demonstrate  what  is  possible  using  the 
zero  slip  approach. 

We  note  that  before  reaching  the  IP,  it  is 
necessary  to  wash  out  the  bunching  existing  on  the 
optical  scale  with  a  dispersive  section,  so  as  not  to 
exacerbate  the  beam-beam  effects. 


Table  2:  IFEL  Characteristics 


Parameter 

Case  A 

Case  B 

Laser  Wavelength  (pm) 

10 

10 

Injection  Energy  (MeV) 

500 

500 

Dimensions  of  Waveguide  (cm) 

0.8  x  0.8 

0.2  x  0.4 

Peak  Laser  Electric  Field  (V/m) 

1.04  xlO10 

1.84  xlO10 

Laser  Power  Density  (W/cm^) 

1.45  xlO13 

4.49  xlO13 

Laser  Pulse  Energy  (Joules) 

104 

4.9 

Bunch  Train  Rep.  Rate  (Hz) 

10* 

10* 

Optical  Pulses  per  Train 

1 

18 

Average  Laser  Power  (Watts) 

1.04  xlO6 

8.8  xlO5 

Max.  Wiggler  B-Field  (Gauss) 

5  xlO4 

2.3  xlO3 

Wiggler  Period  (cm) 

26.5 

160 

Total  Length  of  Wiggler  (m) 

146 

282 

Acceleration  Gradient  (MV/m) 

31 

16 

Initial  Matching 


In  the  interest  of  utilizing  the  maximum  number 
of  500  MeV  initial  particles,  it  is  necessary  to 
precondition  the  beam,  increasing  the  overlap  with  the 
acceleration  buckets.  In  addition,  the  parameters  of 
Table  2  have  buckets  which  are  deeper  than  the 
allowable  energy  spread.  To  avoid  problems  with  this, 
the  beam  conditioner  can  also  be  used  to  match  the 
initial  distribution  to  the  longitudinal  phase  space. 

The  small  oscillations  near  the  resonant  particle 
are  described  by  ellipses  characterized  by. 


8T  =  8V^ 


X  fh 


Yo2av 


2 n  2  l  +  aw2/2 


cos(yr) 


(1) 


where  y  is  the  Lorentz  factor,  ffc  is  the  Bessel  function 
factor,  as=eEoX/2nmc2  (E0  is  the  peak  radiation  field), 
aw=eBXw/2rtmc^  (B  is  the  peak  magnetic  field),  and  yr 
is  the  resonant  phase.  In  order  to  stay  away  from  the 
nonlinear  parts  of  the  phase  space,  which  may  cause 
filamentation,  we  wish  to  match  the  initial  distribution 
to  these  ellipses.  If  an  untapered  wiggler  section  is  used 
as  a  buncher,  only  a  fraction  of  the  particles  will  be 
matched,  the  rest  being  close  to  the  separatrix  or 
untrapped. 

This  matching  will  be  undermined  by  any 
variation  in  parameters  such  as  a  difference  in  the 


radiation  field  over  the  extent  of  the  beam.  A  slight 
variation  in  E0  will  modify  \yr  and  cause  synchrotron 
oscillations  for  the  microbunch.  In  a  more  severe  case, 
the  nonlinear  effects  will  filament  the  distribution. 

Numerical  Results 


We  present  simulation  results  motivated  by  the 
concerns  raised  in  the  last  section.  To  this  end,  the  high 
radiation  intensity  and  large  y  allow  us  to  neglect  the 
optical  properties  of  the  beam  (guiding,  index  of 
refraction,  etc.)  The  system  can  be  modeled  through  a 
straightforward  application  of  the  wiggle  period 
averaged  equations  of  motion  for  the  particles,  found  in 
reference  [2].  An  extra  term  containing  Xc,  the  cutoff 
frequency  of  the  waveguide,  can  be  added  to  the  usual 
equation  for  the  phase  evolution: 


d\y  _  2tc 
dz  X 


X  1 

fxf  l  +  aw2/2) 

Xw  2 

V 

UcJ  2y2 

(2) 


In  this  model,  we  have  not  considered  the  effect  of 
betatron  motion,  and  also  assume  that  the  particles  do 
not  see  the  variation  of  the  fields  off  axis. 


Plot  1:  The  overlap  with  the  resonance  when  different 
sections  of  the  beam  see  a  variation  in  the  laser  field  E. 

For  Case  A,  the  combination  of  slippage  and 
beam  loading  assures  that  the  radiation  in  the  vicinity  of 
the  beam's  leading  edge  will  diminish  in  intensity.  The 
situation  which  is  simplest  to  compute  is  one  where  each 
slice  of  the  beam  is  exposed  to  a  constant  intensity 
throughout  the  acceleration.  For  Case  B,  the  interest  in 
keeping  the  radiation  pulse  as  short  as  possible  again 
brings  unwanted  intensity  variations.  Plot  1  is  the  result 
of  a  series  of  runs  in  which  the  peak  electric  field  was 
varied.  The  parameters  relevant  to  Case  B  were  used  for 
this,  but  the  results  are  also  valid  for  Case  A  because 
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here  the  final  energy  spread  is  always  slightly  smaller. 
The  particles  were  initially  injected  in  a  15  MeV  band 
and  with  random  phases.  The  prebunching  and  final 
energy  spread  reduction  were  optimized  for  the 
reference  electric  field,  and  then  kept  constant.  The  final 
energy  spread  reduction  section  consists  of  a  dispersive 
section  and  a  9  m  untapered  section  utilizing  a  1.84  xlO^ 
V/m  peak  electric  field.  The  effect  is  to  rotate  the 
distribution  in  the  longitudinal  phase  space  so  that  Sy 
comes  to  a  minimum.  The  benefit  of  this  energy  spread 
reduction  technique  is  strongly  limited  by  conservation 
of  phase  space  area  and  nonlinear  dynamics. 

These  results  reveal  that  the  performance 
degrades  gracefully  even  when  the  electric  field  is 
lowered  by  as  much  as  20%.  The  difference  between  the 
number  of  trapped  particles  and  the  number  which 
overlap  with  the  resonance  indicates  the  amount  of 
wasted  energy.  In  summary,  effectively  60  per  cent  of 
the  particles  from  the  injector  end  up  effectively  in  the 
resonance.  A  similar  analysis  for  the  trapped  particles, 
which  take  energy  away  from  the  radiation,  reveals  that 
80  per  cent  of  them  overlap  with  the  resonance. 

The  above  simulation  work  did  not  implicitly 
treat  energy  balance.  This  may  seem  not  to  be  the  correct 
treatment  for  Case  B,  where  E0  is  diminished  by  5  per 
cent  near  the  end  of  each  accelerating  section.  We  have 
carried  out  additional  simulation  work  to  verify  that  this 
effect  is  not  very  detrimental,  but  in  a  more  realistic 
accelerator  design  the  rate  of  tapering  would  be  adjusted 
to  compensate  for  this. 

Conclusions 

The  previous  section  suggests  that  the  amount 
of  energy  extraction  from  the  radiation  can  safely  be 
made  higher  -  perhaps  to  the  15  or  20  percent  level.  Such 
a  change  would  lead  to  a  favorable  impact  on  the 
amount  of  power  required  of  the  drive  laser.  In 
reference  [1],  a  drive  laser  design  using  an  FEL  is 
presented,  making  use  of  a  23  kA  and  9  kA  drive  beams 
for  Case  A  and  Case  B  respectively.  A  twofold  increase 
in  efficiency,  assuming  that  any  relevant  instability 
issues  are  studied  (such  as  side  bands),  would  result  in 
lowering  these  beam  requirements  to  more  reasonable 
levels. 

There  is  ample  opportunity  to  optimize  the 
parameters  of  this  accelerator.  For  example,  the  wiggler 
can  have  a  tapered  period,  to  bring  about  a  reduction  in 
the  maximum  required  magnetic  field  near  the  end  of 
the  device. 


about  the  computer  code. 
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Abstract 

The  results  of  REB  -  plasma  interaction  numerical  sim¬ 
ulation  by  means  of  our  relativistic  particle  EM  code  are 
presented.  Nonlinear  evolution  of  a  single  REB  injected  in¬ 
to  underdense  and  overdense  plasmas  is  studied  in  detail  for 
cylindrical  geometry.  It  is  found  that  in  case  of  comparable 
bunch  and  plasma  densities  an  instantaneous  amplitude  of 
excited  longitudinal  electric  field  substantially  depends  on 
density  ratio,  relativistic  factor  and  space  density  distri¬ 
bution  of  REB.  Transversal  electric  field  can  considerably 
exceed  the  longitudinal  one,  causing  more  severe  restric¬ 
tions  to  initial  phase  and  radial  position  of  particles  to  be 
accelerated. 

I.  INTRODUCTION 

The  accelerating  of  charged  particles  by  means  of  space- 
charge  waves  in  plasmas  and  in  unneutraiized  charge- 
particle  beams  [1]  is  a  basic  direction  in  collective  accelera¬ 
tion  methods.  One  of  the  main  advantages  of  this  method 
is  that  it  can  produce  strong  electric  fields  in  plasma  which 
are  directed  along  the  propagation  direction  of  linear  or 
nonlinear  waves  with  phase  velocities  vph  <  c,  c-  light  ve¬ 
locity.  This  makes  possible  to  keep  continuously  the  wave 
matched  with  particles  to  be  accelerated.  The  possibili¬ 
ty  of  strong  accelerating  fields  achievement  simply  follows 
from  the  circumstance  that  the  field  amplitude  is  propor¬ 
tional  to  the  variable  component  of  the  charge  density.  The 
last  can  reach  the  equilibrium  value  of  the  plasma  density. 
Since  this  density  can  be  made  very  high,  the  electric  field 
can  reach  values  up  to  107-109  V/cm  [1,  2]. 

Chen  et  al.  [3]  suggested  a  modification  of  Fainberg  pro¬ 
posed  acceleration  method  [1]:  switching  to  acceleration 
by  waves  train  excited  by  a  finite  sequence  of  periodical¬ 
ly  spaced  REB  moving  through  a  dense  plasma.  The  se¬ 
rious  difficulty  of  plasma  wake-field  acceleration  (PWFA) 
method  has  been  eliminated  by  Katsouleas  [4],  who  pre¬ 
sented  a  proof  that  if  a  bunch  with  a  uniform  density  dis¬ 
tribution  is  replaced  by  one  asymmetric  along  it’s  length, 
then  due  plasma  wave  electric  field  excited  behind  a  bunch 
Eae,  accelerating  particles  injected  from  the  outside  of  the 
system,  can  be  many  times  greater  than  the  electric  field 

0-7803-1203- 1/93S03.00  ©  1993  IEEE 


which  stops  the  bunch  E,t.  The  excitation  of  nonlinear 
stationary  waves  in  a  plasma  by  a  sequence  of  periodically 
spaced  electron  bunches  was  studied  in  ref.  [5,  6],  where 
it  was  shown  that  the  electric  field  of  the  wave  increases 
with  increasing  relativistic  factor  7  ,  but  only  in  the  case 
of  comparable  bunch  n*  and  plasma  ne  densities. 

The  experiments  performed  in  the  nonlinear  regime  of 
the  PWFA  displayed  interesting  three  dimensional  effects, 
but  only  one  dimensional  treatments  of  nonlinear  plasma 
wake-fields  currently  exist  (see  for  example  [6]  and  cited 
references).  In  ref.  [7]  a  high-intensity  rigid  electron  beam 
is  used  to  excite  extremely  nonlinear,  transverse  motion 
dominated  plasma  oscillations. 

II.  SIMULATION  RESULTS 

In  this  work  the  results  of  full-scale  numerical  simulation 
of  a  single  or  a  sequence  of  relativistic  electron  bunches  in 
plasmas  is  presented.  Excitation  of  wake  fields  by  them 
is  studied  using  our  2.5D  axial-symmetric  electromagnetic 
code  [8].  Recently  this  code  was  applied  to  an  induction 
accelerator  [9]  and  modulated  REB  simulations  [10]. 

A.  Mathematical  model 

Dynamics  of  REB  is  described  by  relativistic  Vlasov 
(Beliaev-Budker)  equations  for  distribution  functions  of 
plasma  species  and  Maxwell  equations  for  self-consistent 
E  and  B  fields.  Two  component  bulk  plasma  (m,/me  = 
1840)  with  density  np  was  initially  cold  and  filled  the  whole 
simulation  region  [0,  Z]  x  [0,  R].  Usually  Z  and  R  were  tak¬ 
en  as  25  and  3c/wp  respectively,  u>e  is  Langmuir  plasmas 
frequency.  At  the  plane  Z  =  0  we  organized  one  or  a  train 
of  cold  relativistic  electron  bunches  injection  in  accordance 
with  a  formula  (n  means  the  injected  bunch  number) 

n»0(Ro  -  r)0(vit  -  z  +  (n  -  l)Xp)0(z  -  v\,t  +  Zo  +  (n  -  1)A,,) 

Here  beam  velocity  »»  =  c  (1  —  1/t2)1^2,  Zo  and  iZo  - 
initial  sizes  of  bunches  were  equal  to  1/3  and  1/6  c/up. 
Xp  =  2t c/ug,  n»  =  l/2ne-  mean  density  of  REB.  Note, 
that  as  in  experiments  [6],  initial  transversal  Rq  and  lon¬ 
gitudinal  Zo  bunches  sizes  were  less  than  c/ue.  Bunches 
could  leave  the  simulation  region  at  it’s  two  corners  2  =  0 
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and  x  ss  Z  as  well  as  plasma  species,  which  were  addition¬ 
ally  pumped  back  into  the  volume.  At  the  inner  surface  of 
cylinder  r  =  R  all  particles  were  reflected.  Boundary  con¬ 
ditions  for  Adds  were  the  following:  metallic  at  the  r  =  R 
and  free  radiation  of  EM  waves  at  corners.  In  computa¬ 
tions  we  used  explicit  schemes,  time  and  space  steps  were 
constant  and  equal  to  O.Q5c/up  and  0.025w“ 1  respectively. 
So,  the  mesh  site  was  512  x  64,  a  silent  start  technique  was 
used.  Model  particles  weight  was  a  function  of  their  radial 
position,  to  represent  plasma  with  a  less  number  of  par¬ 
ticles  per  cell  in  less  disturbed  regions  far  from  axis.  The 
total  number  of  particles  was  approximately  300000.  Note, 
that  all  simulations  were  carried  out  using  PC/ 386/20  and 
we  applied  the  fast  modification  of  particle-in-cell  method. 

III.  RESULTS  AND  DISCUSSION 

The  numerical  simulation  of  one  bunch  propagation  in 
plasma  demonstrates  that  it’s  transversal  size  changes  in 
wide  range.  This  leads  to  essential  changes  in  it’s  densi¬ 
ty  (up  to  one  order)  as  well  as  in  the  wake  field  excited  by 
them.  Longitudinal  distributions  of  transversal  Er  and  lon¬ 
gitudinal  Ex  electric  fields  corresponding  to  radius  r  =  Ro 
and  time  t  =  18a)'1  are  shown  at  Fig.l  and  Fig.2  respec¬ 
tively  (in  mecu)p/e  units).You  can  see  that  immediately  af¬ 
ter  the  REB  with  7  =  430  shapes  of  radial  and  longitudinal 
electric  fields  differ  from  sinusoidal,  and  their  amplitudes 
are  not  more  constant.  This  is  due  to  transversal  oscilla¬ 
tions  of  bunch  particles  in  self-consistent  fields  connected 
with  an  absence  of  both  charge  and  current  compensations. 
To  study  a  relationship  between  an  excited  fields  and  a 
number  of  injected  into  plasma  bunches  with  initial  energy 
me5 7  two  runs  were  considered. 

A.  Comparison  of  two  runs 

Run  1  is  shown  at  Fig.3  (t  =  \bu~l)  and  has  the  follow¬ 
ing  parameters:  N  =  3,  7  =  430.  Run  2  (shown  at  Fig.6 
(t  =  50W"1))  has  eight  bunches  (three  ones  are  shown  at  a 
moment)  with  7  =  43. 

At  Fig8.4,7  longitudinal  distributions  of  radial  electric 
field  Er  and  at  Figs.5,8  axial  electric  field  E,  correspond¬ 
ing  to  Runs  1  and  2  respectively  are  represented.  In  addi¬ 
tion,  the  shape  of  each  bunch  is  shown  in  magnified  scale 
at  top  of  Figs.3,6.  You  can  see  that  amplitudes  of  both 
longitudinal  and  transversal  fields  increase  with  the  bunch 
injection.  This  amplitudes  nevertheless  are  not  proportion¬ 
al  to  the  number  of  injected  bunches,  as  it  should  be  for 
“rigid”  bunches.  At  Fig. 9  longitudinal  electric  field  energy 
time  dependence  for  Run  2  is  shown.  Each  step  on  the 
curve  corresponds  to  a  moment,  when  new  bunch  inter¬ 
acts  the  simulated  system  boundary.  The  non-monotonic 
character  of  excited  field  grow  take  place  after  third  bunch 
injection,  signifying  formation  of  non-linear  regime  of  train 
propagation. 
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Figure  6:  Eight  bunches,  density  p 
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Abstract 

Our  program  for  an  experimental  plasma  wake 
field  accelerator  (PWFA)  to  take  place  at  the  Argonne 
Wakefield  Accelerator  (AW A)  facility,  in  the  recently 
proposed  blow-out  regime[l]  relies  on  the  propagation 
of  an  intense  electron  beam  through  an  underdense 
plasma  with  a  minimum  of  degradation.  This  paper 
presents  a  near-equilibrium  model  of  beam  propagation 
using  the  Maxwell-Vlasov  equations  governing  the 
beam's  transverse  behavior.  Numerical  results  are 
presented  which  use  this  model  simultaneously  with  the 
plasma  electron  cold  fluid  equations.  A  solenoidal 
magnetic  field,  which  is  necessary  for  high  density 
plasma  containment,  also  provides  an  initial  beam 
equilibrium  to  begin  the  calculation.  We  compare  the 
equilibrium  model  with  a  discrete  beam  particle 
simulation,  which  verifies  the  basic  conclusions  of  the 
equilibrium  model,  and  shows  the  collisionless  damping 
approach  to  equilibrium  in  the  beam  head.  The  initial 
matching  requirements  for  the  beam's  entry  into  the 
plasma  are  examined.  We  also  discuss  the  possibility  of 
performing  an  adiabatic  lens  experiment. 

Introduction 


The  recently  proposed  nonlinear  blow-out  regime 
for  the  FWFAIl],  in  which  all  of  the  plasma  electrons 
become  expelled  from  the  region  of  the  beam,  has  the 
advantage  of  linear  focusing  for  the  trailing 
(accelerated)  bunch  and  a  very  high  acceleration 
gradient.  This  regime  requires  a  very  intense,  high 
quality  drive  beam.  Since  the  acceleration  can  be 
prolonged  by  using  a  more  energetic  drive  beam,  the 
long  term  propagation  of  this  beam  through  the  plasma 
needs  to  be  addressed. 

When  an  intense  electron  beam  propagates 
through  a  plasma  in  the  underdense  regime  (nQ  <  ribeanv 
n0  is  the  plasma  density),  a  sufficiently  long  bunch 
length  will  cause  complete  rarefaction  of  the  plasma 
electrons,  forming  an  ion  channel.  This  is  called  the  ion 
focusing  regime  (IFR)  due  to  the  intense  magnetic  self- 
focusing  forces  of  the  beam  as  it  propagates  through  the 
ion  channel.  For  a  fully  rarefied  ion  channel,  the 
equilibrium  beam  radius  cr  is  given  by. 


Or 


where  e„is  the  normalized  emittance,  re  is  the  classical 
electron  radius,  and  y  is  the  Lorentz  factor.  The  beam 


can  be  divided  into  three  qualitatively  different  regions. 
The  extreme  leading  edge,  or  head  of  the  beam  receives 
no  focusing  from  the  plasma,  causing  it  to  expand.  The 
body  of  the  beam,  which  travels  in  the  completely 
rarefied  ion  channel,  receives  the  maximum  focusing 
force.  In  the  transition  region  between  these  two,  the 
beam  evolution  cannot  be  described  with  linear  optics, 
due  to  the  remaining  population  of  plasma  electrons. 
For  short  pulses  (Oz-kp*1,  kp  =  o»p/c),  the  evolution  of 
the  beam  head  and  the  transition  region  are  very 
important  in  determining  the  effective  propagation  of 
the  beam  over  long  distances. 

For  the  ultra-relativistic  case,  the  beam  head 
expands  freely,  due  to  its  finite  emittance,  retarding  the 
response  of  the  plasma  electrons  at  later  time  steps.  This 
diminishes  the  focusing  force  for  the  next  beam  slice, 
leading  to  what  is  called  emittance  driven  erosion.  A 
simple  1-d  model  predicts  that  after  some  initial 
expansion,  the  erosion  happens  at  a  very  slow  rate.  In 
addition,  previous  particle-in-cell  simulation  work  by 
Krall,  et  al.  [2]  has  shown  that  for  emittance-driven 
erosion,  the  point  on  the  beam  where  the  plasma 
becomes  completely  rarefied,  termed  the  pinch  point, 
moves  very  slowly,  and  a  near  equilibrium  develops. 
Inspired  by  this  result,  we  develop  a  model  in  which 
beam  physics  is  described  by  a  Maxwell-Vlasov 
equilibrium  and  the  plasma  electrons  are  described  by 
fully  relativistic  cold  fluid  equations.  This  model  also 
includes  the  effects  of  a  solenoidal  magnetic  field.  Such  a 
field  is  required  for  the  containment  of  the  plasma  in  the 
PWFA,  which  can  in  some  cases  help  to  further  stabilize 
this  erosion. 


Numerical  Treatment 
of  Beam  Near  Equilibrium 

The  response  of  the  plasma  due  to  the  beam's 
electromagnetic  field  is  modeled  using  a  technique 
developed  by  Breizman  131.  This  model  relies  on  a  wake 
field  type  assumption:  any  plasma  perturbation 
translates  at  the  beam  velocity.  Further,  the  beam 
velocity  is  taken  to  be  the  speed  of  light.  The  plasma 
electron  currents  can  then  be  modeled  by  the  cold  fluid 
equation, 

|  +  (VV)p  =  -e(E+i(vxB)) 

and  the  continuity  equation.  Implicit  in  using  a  cold 
fluid  model  is  the  fact  that  the  plasma  electron  velocity 
quickly  becomes  much  greater  than  the  initial 
temperature  of  the  plasma.  The  plasma  can  be  treated  as 
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a  fluid  only  when  the  motion  is  laminar.  This  is  satisfied 
to  a  very  good  approximation  in  the  first  half  cycle  of 
the  plasma  motion,  making  the  cold  fluid  model  well 
suited  to  studying  the  effects  on  the  beam.  These 
equations  are  used  along  with  the  Maxwell  equations  for 
VxE  and  VxB.  The  speed  of  light  condition, 
3/3z  =  -3/9ct  is  used  to  eliminate  the  time  variable  in 
these  equations,  which  yield  a  self  consistent 
instantaneous  representation  of  the  plasma  disturbance. 
We  use  conducting  wall  boundary  conditions  in  the 
radial  direction  and  further  assume  that  the  plasma  is 
quiescent  ahead  of  the  beam. 

The  body  of  the  beam  is  assumed  to  be  initially 
matched  to  the  linear  focusing  force  of  the  ion  channel. 
For  the  transition  region,  the  nonlinear  focusing  brings 
about  a  mixing  of  the  transverse  phase  space  in  just  a 
few  betatron  periods.  If  we  assume  that  the  emittance 
increase,  which  is  very  difficult  to  compute,  can  be 
neglected,  the  phase  space  can  be  described  by  the 
equilibrium  Maxwell-Vlasov  equation,  setting  3/3t  =  0: 

|f(r,Pl)!=i!L2^+Fr(r)*^=o 

dt  7m  dr  dpr 

where  f(r,pr)  is  the  distribution  in  the  transverse  phase 
space,  pr  is  the  transverse  momentum,  y  is  the  Lorentz 
factor,  m  is  the  electron  mass,  and  Fr  is  the  radial  force 
arising  from  the  plasma  fields.  In  addition,  f(0,0)  must 
be  constant  due  to  conservation  of  phase  space  area. 

The  matching  of  the  beam  body  implies  that  the 
head  will  undergo  betatron  oscillations.  For  the  purpose 
of  the  model,  we  assume  that  the  head  is  itself  matched 
to  the  solenoid.  This  is  in  part  justified  by  the  small 
number  of  particles  which  feel  no  plasma  focusing. 
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Figure  1.  Final  (equilibirum)  and  initial  beam  density 
normalized  to  plasma  density  using  AWA  beam 
parameters,  n0  =1014  cm"3,  and  a  solenoidal  field  of 
B=2000  Gauss.  The  matched  equilibrium  is  achieved 
very  early  in  the  the  beam  pulse. 


In  Figure  1,  this  method  is  applied  to  a  1014  cm*3 
plasma,  using  the  future  AWA  beam  parameters  (4]:  100 
nC  charge  per  bunch,  oz  =  .7  mm,  y  =  300,  and  e„  =400  jc 
mm-mrad.  The  final  peak  density  mimics  the  initial 
gaussian  density  quite  well.  This  run  produced  a 
longitudinal  wake  field  capable  of  sustaining  greater 
than  a  1  GeV/m  acceleration. 

Initial  Matching:  Time  Dependent  Aspects 

The  equilibrium  model  of  the  last  section  relies  on 
a  trumpet  shaped  beam,  an  condition  which  may  be 
difficult  to  produce  from  a  longitudinally  uncorrelated 
profile.  In  this  section  we  examine  the  requirements  for 
initial  matching  into  the  focusing  channel  and  present 
computational  results  which  reveal  the  efficacy  of  such 
matching.  In  order  to  minimize  the  betatron  oscillations 
of  the  beam  head,  the  largest  possible  initial  beam  radius 
must  be  used.  This  is  important  when  the  period  of 
these  oscillations  is  longer  than  the  stopping  distance  of 
the  beam  through  the  plasma.  It  is  therefore 
advantageous  to  use  the  focusing  properties  of  the 
plasma  in  such  a  way  as  to  reduce  the  radius  of  the 
beam  body,  while  leaving  the  beam  head  unaffected. 
The  initial  ramp  in  the  plasma  density  at  the  start  of  any 
actual  device  can  be  useful  for  this  task.  We  have 
studied  the  effect  of  a  plasma  profile  which  builds  up  as 
one  side  of  a  gaussian  and  remains  flat  afterward. 
Although  this  does  not  represent  the  ideal  focusing 
scheme,  it  is  a  good  approximation  of  the  experimental 
situation. 


Figure  2.  Matching  of  the  beam  into  plasma  with  a 
gaussian  ramp,  o  =  2  cm.  For  this  run,  the  beam  has  a 
virtual  waist  of  0.026  cm  at  a  position  4  cm  into  the 
device.  The  magnetic  field  was  2000  Gauss. 
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To  simulate  these  time  dependent  effects,  we  used 
the  same  numerical  techniques  as  in  the  last  section  to 
treat  the  plasma  dynamics.  The  beam  in  this  case  was 
composed  of  a  set  of  discrete  particles,  treated  self- 
consistently  with  the  plasma  dynamics.  It  is  assumed 
that  the  variation  in  n0  over  the  extent  of  the  beam  can 
be  neglected.  Figure  2  shows  results,  using  the  AWA 
beam  parameters,  for  ramp  which  builds  up  as  a 
gaussian  from  no  =  1012  cm"3  to  no  =  10M  in  8  cm,  and 
remains  flat  afterward.  A  slight  mismatch  of  the  beam 
body  is  tolerable  since  it  does  not  diminish  the  radial 
force  seen  by  the  plasma  electrons,  which  have  already 
left  the  region  of  the  beam. 

Through  observing  the  evolution  of  the  phase 
space  we  have  witnessed  a  new  mechanism  for  the 
suppression  of  erosion  of  the  beam  head.  The  presence 
of  any  erosion  diminishes  the  focusing  strength  of  a 
given  z-slice  very  slowly.  Thus,  the  slice's  or  is 
adiabatically  increased  until  it  becomes  matched  to  the 
solenoid,  approximating  the  equilibrium  discussed  in 
the  last  section.  In  the  case  of  a  weak  solenoid,  this 
predicts  that  a  small  portion  of  the  beam  head  will 
become  lost,  while  the  rest  of  the  beam  propagates  in  a 
near  equilibrium. 

Adiabatic  Focusing 

There  has  been  great  interest  in  using  a  plasma 
lens  for  the  final  focusing  in  a  linear  collider[5].  Chen  et 
al.  [6]  has  proposed  making  such  a  lens  adiabatic,  with  a 
smoothly  increasing  focusing  strength.  The  ad  /antages 
of  adiabaticity  are  to  reduce  the  effects  of  synchrotron 
radiation,  lessening  impact  of  the  chromatic  aberrations, 
and  diminishing  the  sensitivity  to  initial  optical 
mismatch.  Because  the  equations  governing  the  plasma 
motion  have  a  simple  scaling  with  n©,  the  results  of  a 
sub-GeV,  experiment  can  yield  a  good  prediction  for 
larger  y  and  an  nQ  of  1018  cm3  In  addition,  as  n0 
increases,  the  condition  az  »  kp’1  becomes  easier  to 
satisfy.  Thus,  a  proof  of  principle  experiment  at  low 
energy  would  circumvent  some  of  the  experimental 
difficulties  of  an  actual  final  focus  experiment.  The 
AWA  beam,  with  its  high  peak  current,  and 
accompanying  access  to  the  underdense  regime,  can  be 
used  to  experimentally  study  such  a  device.  The  discrete 
particle  method  developed  above  has  been  used  to 
numerically  study  the  adiabatic  lens.  The  AWA  beam  is 
intense  enough  to  cause  blowout  at  very  early  times 
after  the  arrival  of  the  beam.  In  addition,  the  charge  and 
energy  can  be  scaled  down  to  study  a  large  parameter 
space. 

The  work  by  Chen,  et  al.,  suggests  the  use  of  a  lens 
in  which  the  (1  function  is  linearly  decreased.  This  lens 
has  the  feature  that  the  plasma  density  is  increasing  very 
rapidly  near  the  end.  We  have  studied  a  lens  whose 
density  increases  only  exponentially,  which  we  believe 


is  more  realistic  experimentally.  Figure  3  presents 
simulation  results  for  such  a  lens.  The  body  of  the  beam 
is  focused,  in  good  agreement  with  the  theoretical  limit 
assuming  a  completely  rarefied  ion  channel.  Note  that 
the  or  averaged  over  the  entire  beam  never  becomes 
small  due  to  phase  differences  and  the  insufficient 
focusing  of  the  beam  head. 


Figure  3:  Adiabatic  lens  for  the  AWA  beam,  no  starts  at 

25  xlO* 1  and  increases  to  5  xlO1^  at  z=15  cm.  The  body 
of  the  beam  (the  core  population  containing  half  the 
beam)  is  focused  quite  efficiently,  down  to  100  microns 
at  z=16  cm. 

This  work  was  supported  by  US  Department  of 
Energy  under  Grant  DE-FG03-92ER-40493 
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I.  INTRODUCTION 

Novel  plasma  based  accelerationdevices[  1 ,2] 
have  become  the  subject  of  active  research  because  of 
their  ability  to  support  acceleration  gradients  in 
excess  of  10  GeV/m.  The  plasma  wakefield 
accelerator  (PWFA)  is  one  such  device  which  consists 
of  an  intense  electron  beam  (the  primary  beam) 
whose  purpose  is  to  excite  a  plasma  wave  which,  in 
turn,  accelerates  a  trailing  electron  bunch  (the 
secondary  beam).  Two  issues  of  current  interest  in  the 
PWFA  are  1)  the  equilibrium  and  stability  of  the 
driving  beam  and  2)  the  effect  of  the  wakefield  on 
the  quality  of  the  trailing  electron  bunch.  The  PWFA 
is  currently  the  subject  of  experiments  to  be 
performed  at  the  Argonne  National  Laboratory 
(ANL)[3]  and  the  University  of  California,  Los 
Angeles  (UCLA)[4]. 

In  the  UCLA  experiment,  a  question  of 
particular  interest  is  the  equilibrium  state  of  the 
driving  electron  beam.  Two  intriguing  suggestions 
have  been  made.  The  first  is  that  in  the  limit  that  the 
beam  density  greatly  exceeds  the  plasma  density,  the 
plasma  electrons  will  be  completely  expelled  from  the 
axis.  It  was  recently  pointed  out[5]  that  the  resulting 
ion  channel  will  have  a  focusing  force  that  varies 
linearly  with  radius,  preserving  the  emittance  of  the 
trailing  electron  bunch.  The  second  is  that,  in 
parameter  regimes  of  interest,  the  driving  beam  will 
experience  a  severe  radial  pinching  force. 
Specifically,  Ref.  4  suggested  that  the  electron  beam 
could  be  pinched  via  ion  focusing  in  the  plasma  by  as 
much  as  a  factor  of  10  (from  rb=300pm  to  rb=30nm). 
What  such  extreme  pinching  does  to  the  beam  and 
whether  or  not  an  equilibrium  state  at  rb=30  pm  an  be 
achieved  are  questions  that  have  yet  to  be  addressed. 
These  ideas  suggest  that  a  highly  nonlinear  wakefield 
with  favorable  focusing  properties  could  be  produced 
by  a  driving  electron  beam  in  a  tightly  focused 
equilibrium  state.  Furthermore,  this  mode  of  operation 
may  be  accessible  in  new  PWFA  experiments  to  be 
performed  at  ANL  and  UCLA.  In  order  to 
investigate  these  assertions,  we  first  consider  the 
envelope  equation  for  an  electron  beam  propagating 
in  a  plasma  with  n*  t  n,.  We  then  compare 


numerical  solutions  of  this  equation  to  results 
obtained  via  two-dimensional  axisymmetric  (r,z) 
particle  simulation  using  the  FRIEZR  particle 
simulation  code. 


II  THE  ENVELOPE  EQUATION 


Consider  the  envelope  equation  of  Lee  and 
Cooper*  for  an  axisymmetric  relativistic  electron 
beam: 


dz2  y  dz  dz  R  R * 


(1) 


where  R  is  the  rms  radius  of  the  beam,  y  is  the 
relativistic  factor,  and  the  beam  is  assumed  to  be 
moving  in  the  z-direction  with  vt  »  vr  We  have 
used  as  the  definition  for  the  rms  emittance. 

Each  term  of  Eq.  (1)  has  a  physical  meaning. 
The  first  two  terms  above  account  for  inertial  effects. 
The  third  term  accounts  for  self-field  effects. 


U^jrdr[^^-]— [*,-W  (2) 

c2  i  /*  Y« 

where  Jb  is  the  beam  current  density,  Ib  is  the  beam 
current,  and  Ef  and  Be  are  electric  and  magnetic 
fields.  The  fourth  term  represents  the  expansion  of 
the  beam  due  to  emittance.  In  applying  Eq.  (1)  to 
this  problem,  we  have  assumed  that  r„  >  c/to,  >  R, 
where  ,  ©,=( 4jm0e,/m)*/1,  n,  is  the  initial  plasma 
density,  and  r.  is  the  radius  of  the  plasma  chamber. 
This  condition  ensures  that  return  currents  do  not 
flow  within  the  electron  beam.  If  we  make  the 
additional  assumption  that  n*  is  n„,  the  plasma 
electrons  will  be  expelled  from  the  region  of  the 
beam. 

For  a  beam  with  a  Gaussian  radial  profile, 

we  have 


0-7803-1203-1/93503.00  O  1993  IEEE 
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npy3  2Yca  * 


(3) 


where  our  notation  is  such  that  ^  <  0  for  an  electron 
beam.  Assuming  dydz-O,  Eq.  (1)  becomes 


*I>  >u,\ 
<feJ  *Py*mcs  2ycJ 


(4) 


With  Eq.  (4),  it  is  straightforward  to  solve  for  the 
equilibrium  radius  of  a  beam  with  given  y,  n,  and  e. 
For  ¥»1  we  have 


simulation  code  is  an  axisymmetric  (r,z)  fully 
electromagnetic,  fully  relativistic  particle  code  that 
makes  use  of  "speed  of  light"  coordinates  through  a 
change  of  variables:  £- ct-z,  x-t.  The  plasma  is 
represented  by  particle  electrons  imbedded  in  an 
immobile  neutralizing  ion  background.  The 
relativistic  beam,  also  represented  by  particles,  is 
injected  into  the  plasma  with  density 

^  <*> 

°r  30, 


(5) 

T 

As  an  example,  we  consider  an  electron 
beam  with  yMO  (20  MeV),  charge  Q*lnC,  initial 
mu  radius  0,-1 00  pm,  longitudinal  half-width  at  half 
maximum  a,  “6 00pm,  and  e.-  1  Omm-mrad 
propagating  through  a  plasma  of  density  n.«2.0xl0u 
cm-*.  In  this  case,  nM~1.67xl0M  cm*3  and  -1*“=  0.2S2 
lcA.  With  these  values,  Eq.  (S)  gives  R^°41  pm 
indicating  that  the  beam  is  mismatched.  Once  the 
beam  begins  to  pinch,  we  will  have  n»  >  n..  Thus, 
we  can  integrate  Eq.  (4)  to  obtain  an  estimate  of  die 
beam  dynamics,  shown  in  Fig.  1.  This  figure  shows 
severe  pinching  of  the  beam,  with  a  minimum  radius 
of  17  pm.  One  might  expect  significantly  strong 
variations  in  the  wakefield  generated  by  such  a  beam. 


Fig  1.  Beam  radius  R  versus  time  X  from  a  numerical 
solution  of  Eq.  (4)  (solid  line)  and  from  simulation 
at  fixed  £*0.1  cm  (dashed  line). 

m.  SIMULATIONS 


In  the  (£.1)  coordinates,  the  head  of  the  relativistic 
beam  remains  near  £-0  with  the  tail  of  the  beam  at 
£*0.18  cm.  The  simulation  proceeds  for  S  cm, 
during  which  the  beam  energy  remains  approximately 
constant  (V«_,-36).  Figure  1  (dashed  line)  shows  the 
beam  radius  versus  t  at  £-0.1  cm.  It  is  evident  that 
the  beam  is  being  pinched  and  is  undergoing 
mismatch  oscillations.  Figure  2  shows  the  beam 
density  n*  the  plasma  density  nr  and  die  axial 
electric  field  E,  on  axis  at  ct=5.0  cm.  In  this  figure, 
fin-tyn^,  E^-O.IE,*,  E^-mcta/e-1.4  GV/m.  Also, 
the  beam  is  moving  towards  the  left  and  Eg>0  is 
accelerating.  The  envelope  equation  solution  and  the 
particle  simulation  result  are  in  rough  qualitative 
agreement  at  early  times  (T<lcm).  The  results  then 
diverge  because  the  plasma  electrons  are  not 
completely  expelled  from  the  axis  (see  Fig.  2)  and 
because  the  beam  emittance  grows  as  the  radial 
oscillations  damp  via  phase-mixing.  This  can  be  seen 
in  Fig.  3,  which  shows  beam  emittance  at  £-0.1  cm 
plotted  versus  X.  An  interesting  and  somewhat 
surprising  result  is  contained  in  this  figure,  which 
also  shows  the  peak  accelerating  electric  field  F.rj... 
versus  X.  While  the  beam  radius  is  varying  by  50%, 
the  accelerating  field  is  varying  by  only  20%.  We 
speculate  that  this  occurs  for  two  reasons.  Firstly, 
because  the  plasma  is  not  entirely  expelled  from  the 
axis  and  because  the  plasma  electron  density  varies 
over  the  length  of  the  beam,  the  simulation  shows 
that  the  frequency  of  the  radial  mismatch  oscillations 
varies  as  a  function  of  £.  Secondly,  in  the  limit  that 
nk » ry  the  wake  is  driven  tty  a  large  radial  electric 
field  that  pushes  the  plasma  electrons  to  r  »  R.  At 
such  large  radii,  E,  is  function  only  of  the  amount  of 
beam  charge  enclosed  within  this  radius.  Additional 
simulations  have  confirmed  that  the  wake  amplitude 
is  insensitive  to  the  details  of  the  beam  profile  in  this 
limit. 


To  address  this  question  in  greater  detail,  we 
resort  to  particle  simulation.  The  FRIEZR  particle 
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<■  (cm) 


Fig  2.  Beam  density  nfc/n.  (dotted  line),  plasma 
density  Sn/n.  (solid  line),  and  axial  electric  field 
E^E*  (dashed  line)  plotted  versus  (  on  axis  at 


cX"*5.0  cm. 


0.1  cm  and  peak  accelerating  field  ETJ  nV  (solid  line) 


versus  T. 


To  avoid  the  oscillations  in  the  wake 
amplitude  that  were  observed  above,  we  performed  a 
simulation  identical  to  that  of  Figs.  1-3,  but  with 
R”R^*M1  pm  as  given  by  Eq.  (5).  The  results  are 
given  in  Fig.  4,  which  shows  R  and  E,  ,,^  plotted 
versus  X.  This  figure  shows  that,  after  a  transient  of 
1.3  cm,  the  beam-plasma  system  remains  in  a  quasi¬ 
equilibrium  state,  with  a  slow  expansion  of  the  beam 
radius  and  a  constant  peak  accelerating  field.  The 
radial  expansion  occurs  because  a)  the  beam  loses 
energy  (Y«_i  -  33)  and  b)  the  head  of  the  beam, 
which  is  not  pinched,  slowly  erodes.  Erosion  reduces 
the  effectiveness  with  which  the  beam  expels  the 
plasma  electrons  such  that  the  plasma  electron  density 
inside  the  beam  increases  slowly  over  the  length  of 
the  simulation.  There  is  no  increase  in  emittance  in 
this  case.  Note  that  F.  g  .  vs.  t  in  Fig.  4  shows  a 
shorter  transient  and  a  significantly  higher  average 
value  than  the  corresponding  plot  in  Fig.  3. 


Fig.  4.  Beam  radius  R  (dashed  line)  at  fixed  £  ■  0.1 
cm  and  F,  )[[t  (solid  line)  versus  X  for  a  simulation 
with  initial  R“R^  **  41  pm. 

IV.  CONCLUSIONS 

The  radial  pinching  forces  that  we  have 
observed  in  our  simulations  can  be  especially  severe 
when  Dt  >  Up,  where  n*  and  n,  are  the  beam  and 
plasma  densities,  respectively.  This  parameter  regime 
is  of  interest  because  of  the  highly  nonlinear 
Wakefields  that  can  be  generated.  In  addition,  fire 
filaments tion  (or  Weibel)  instability  that  was 
observed  in  the  simulations  of  Keinigs  and  Jooes(7] 
and  Su  et  al.[8]  is  avoided  in  this  limit.  Our 
simulations  suggest  that  a  highly  nonlinear  wakefield 
with  favorable  focusing  properties  can  be  generated 
by  an  electron  beam  in  a  tightly-focusing  equilibrium 
state. 
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Abstract — A  new  configuration  of  the  laser  wakefield  ac¬ 
celerator  is  proposed  in  which  enhanced  acceleration  ia 
achieved  via  resonant  self-modulation  of  the  laser  pulse. 
This  requires  laser  power  in  excess  of  the  critical  power  for 
relativistic  -guiding  and  a  plasma  wavelength  short  com¬ 
pared  to  the  laser  pulse-length.  Relativistic  and  den¬ 
sity  wake  effects  strongly  modulate  the  laser  pulse  at  the 
plasma  wavelength,  resonantly  exciting  the  plasma  wave 
and  leading  to  enhanced  acceleration. 

I.  Introduction 

Plasma-based  accelerators  are  being  widely  researched 
as  candidates  for  the  next  generation  of  particle  acceler¬ 
ators  [1].  One  promising  concept  is  the  laser  wakefield 
accelerator  [2,3]  (LWFA),  in  which  a  short  (r*  <  1  ps), 
high  power  (P  >  1  TW)  laser  pulse  propagates  in  plasma 
to  generate  a  large  amplitude  (E  >  1  GV/m)  wakefield, 
which  can  trap  and  accelerate  a  trailing  electron  bunch. 
In  the  standard  LWFA,  efficient  wake  generation  requires 
L  ~  \p/2,  where  L  is  the  full-width-at-half-maximum 
length  of  the  laser  intensity  profile  on  axis,  A-  =  2tc/wp 
is  the  plasma  wavelength,  u>p  =  (4irn0e2/m)1>2  and  no  is 
the  ambient  plasma  density.  In  this  case,  the  peak  axial 
electric  field  is  given  by  [2,3]  Et  ~  (x2me2/e)a2/(4AJ,7j.), 
where  7j.  =  (l+aJ/2)1/2  and  oq  =  eAo/mt s*  is  the  normal¬ 
ized  amplitude  of  the  laser  vector  potential  field  [4]  which 
is  assumed  to  be  linearly  polarized  throughout  this  paper. 

In  this  paper,  we  describe  a  self- modulated- LWFA (5] 
in  which  enhanced  acceleration  is  achieved  via  resonant 
self-modulation  of  the  laser  pulse.  This  occurs  when  a) 
the  laser  pulse  extends  axially  over  several  plasma  wave¬ 
lengths,  L  >  Xp,  and  b)  the  peak  laser  power  satisfies 
P  >  Pc  —  17(A,/Ao)2  GW,  where  Pe  is  the  critical  power 
[6]  for  relativistic  optical  guiding  and  Ao  is  the  laser  wave¬ 
length.  At  fixed  laser  parameters,  both  conditions  can  be 
met  by  choosing  a  sufficiently  high  plasma  density.  Oper¬ 
ation  in  the  self-modulated  regime  could  have  a  dramatic 
impact  on  LWFA  experiments  now  being  planned. 

II.  Self-Modulation 

In  the  self-modulated  regime,  enhanced  wakefields  are 
generated,  i.e.,  accelerating  fields  are  more  than  an  order 
of  magnitude  greater  than  those  generated  by  a  laser  pulse 
with  L  a  Ap/2,  assuming  fixed  laser  parameters.  Acceler¬ 
ation  is  enhanced  for  four  reasons.  Firstly,  since  a  higher 
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density  is  required  (assuming  L  fixed),  the  wakefield  will  be 
increased:  E,  ~  ntf7.  Secondly,  the  resonant  mechanism 
excites  a  very-high-amplitude  wakefield  in  comparison  to 
the  standard  LWFA.  Thirdly,  since  P  >  Pe,  relativistic  fo¬ 
cusing  further  enhances  the  laser  intensity,  increasing  ao- 
Fourthly,  simulations  show  that  a  portion  of  the  pulse  will 
remain  guided  over  multiple  laser  diffraction  lengths,  ex¬ 
tending  the  acceleration  distance. 

The  mechanism  can  be  understood  by  considering  a  long 
laser  pulse,  L  >  A,,  with  power  P  a  Pc,  such  that  the 
body  of  the  pulse  is  relativistically  guided  [3].  The  finite 
rise-time  of  the  pulse  will  create  a  low-amplitude  wake¬ 
field  within  the  laser  pulse.  In  the  wakefield,  each  region 
of  decreased  density  acts  as  a  local  plasma  channel  to  en¬ 
hance  the  relativistic  focusing  effect,  while  each  region  of 
increased  density  causes  defocusing  [7].  This  results  in  a 
low-amplitude  modulation  of  the  laser  pulse  at  Ap.  The 
modulated  laser  pulse  resonantly  excites  the  wakefield  and 
the  process  continues  in  an  unstable  manner.  This  insta¬ 
bility,  which  is  observed  to  develop  on  a  time-scale  asso¬ 
ciated  with  laser  diffraction,  resembles  a  highly  nonlinear 
2-D  form  of  the  usual  forward  Raman  scattering  instabil¬ 
ity.  It  is  distinguished  by  its  2-D  nature  and  by  its  growth 
rate,  which  increases  dramatically  when  P  >  Pc. 

In  the  standard  LWFA,  the  acceleration  distance  is  lim¬ 
ited  by  the  diffraction  length,  or  Rayleigh  length,  of  the 
laser  pulse:  Zr  =  (fco/2)rjj,  where  ko  =  2x/Ao  and  r0  is 
the  radius  of  the  laser  waist.  At  the  high  plasma  densi¬ 
ties  and  extended  laser  diffraction  lengths  associated  with 
the  self-modulated-LWFA,  single-stage  acceleration  can  be 
limited  by  detuning  due  to  the  reduced  group  velocity 
vt  of  the  laser  pulse,  rather  than  by  diffraction.  Here, 
vt  a  c[1-(Ao/A,,7j.)2/2],  where  L  »  Ap  has  been  assumed. 
One-dimensional  theory  indicates  that  phase  detuning  lim¬ 
its  the  maximum  acceleration  to  A7mas  ~  xA2ag7j./(2Aj), 
assuming  fixed  ao  and  ApOq/Ao  >  1. 

We  will  illustrate  the  self-modulated  LWFA  via  two  nu¬ 
merical  simulations.  The  first  is  a  standard  case  which  is 
optimized  in  the  usual  sense,  with  L  =  Ap/2.  The  second 
is  a  self-modulated  case,  in  which  the  plasma  density  is 
increased  such  that  L  >  \p  and  P  >  Pe  are  achieved  (all 
other  parameters  remain  unchanged). 

III.  Model  Equations 

These  simulations  were  based  on  the  laser-plasma  fluid 
model  described  in  Ref.  7,  which  utilizes  (r,  £  =  z-ct,r  = 


2629 


Figure  1:  Peak  accelerating  field  versus  time  for  the 
no  =  1.4  x  1017  cm-3  case  (dashed  line)  and  the 
no  =  2.8  x  1018  cm-3  case  (solid  line). 


no  =  1.4  x  1017  cm  3  case  (dashed  line)  and  the 
no  =  2.8  x  1018  cm-3  case  (solid  line). 


t)  coordinates.  The  laser  pulse  moves  in  the  positive  z 
direction  such  that  the  front  of  the  laser  pulse  remains 
near  f  =  0.  The  physical  region  of  interest  extends  from 
C  =  0,  where  the  plasma  is  unperturbed,  to  £  <  0.  The 
model  is  valid  when  Zr  >  L,  Zr  >  Xp,  Ao  <  r<j  and 
Ao  C  Ap.  To  include  phase  detuning  effects,  the  {P/d(dT 
term  is  retained  in  the  wave  equation,  in  contrast  to  Ref.  7. 
This  model  neglects  certain  laser-plasma  instabilities.  In 
particular,  Raman  side-scattering  could  limit  the  effective 
longitudinal  extent  of  a  laser  pulse  with  P  >  Pe  (8]. 

IV.  Simulation  Results 

In  these  runs,  we  will  consider  a  Gaussian  laser  pulse 
with  Ao  =  1  pm,  °o  =  0-70,  r0  =  31  pm  and  L  =  45  pm 
(150  ft),  such  that  Zr  —  0.3  cm.  Here,  we  define  ao  to 
be  the  amplitude  of  the  laser  vector  potential  a /  at  the 
point  of  minimum  focus  in  vacuum.  In  this  case,  the  peak 
laser  power  is  P  =  21.5(aor0/A0)a  GW  =  10  TW  and 
the  energy  per  pulse  is  1.5  J,  well  within  the  bounds  of 
present  technology  (9).  We  begin  at  r  =  0  with  the  laser 
pulse  outside  the  plasir  a.  The  plasma  density  is  “ramped 
up”  to  reach  full  density  at  cr  =  2 Zr.  The  laser  pulse 
is  initially  converging  such  that  in  vacuum  it  would  focus 
to  a  minimum  spotsize  of  ro  =  31  pm  at  cr  =  3 Zr.  The 
simulation  continues  until  cr  =  10 Zr  =  3.0  cm. 

According  to  standard  LWFA  theory  (2,3],  the  optimum 
wakefield  will  be  obtained  at  a  plasma  density  for  which 
Ap  a  2L  =  90  pm,  or  no  =  1.4 x  IQ17  cm-3.  At  this  density, 
P  <.  Pc  ~  140  TW.  The  presence  of  the  plasma  has  little 
effect  on  the  evolution  of  the  laser  pulse,  which  reaches  a 
peak  normalized  intensity  of  |d/|2  =  0.56  at  cr  =  3 Zr. 
This  is  illustrated  in  Fig.  1  (dashed  line),  where  the  peak 
accelerating  field,  plotted  versus  time,  is  symmetric  about 
cr  —  3  Zr. 

To  study  the  acceleration  and  trapping  of  electrons  by 
the  wakefield,  a  particle  code  is  used  to  accelerate  a  dis¬ 
tribution  of  30,000  non-interacting  test  particles  in  the 


time- resolved  electric  and  magnetic  wakefields  of  the  sim¬ 
ulation.  Here,  we  consider  a  continuous  electron  beam 
with  initial  energy  of  3.0  MeV  and  normalized  emittance 
en  =  130  mm-mrad.  The  beam  is  initially  converging  such 
that  in  vacuum  it  would  focus  to  a  minimum  RMS  radius 
rt  =  200  pm  at  cr  =  3 Zr.  After  cr  =  IOZr  —  3.0  cm,  a 
small  fraction  (0.1%)  of  the  original  particle  distribution 
has  been  trapped  and  accelerated  (simulations  show  that 
this  fraction  can  be  increased  by  using  a  lower  emittance 
beam).  At  cr  =  3  cm,  the  peak  particle  energy  is  48  MeV 
(see  Fig.  2,  dashed  line). 

We  now  consider  a  self-modulated-LWFA  simulation 
with  parameters  nearly  identical  to  those  considered  above. 
Here,  the  plasma  density  has  been  increased  to  no  = 
2.8  x  1018  cm-3  (Ap  =  20  pm).  This  reduces  the  criti¬ 
cal  power  to  Pe  =  6.8  TW,  such  that  P  ~  1.5 Pc-  As  the 
laser  parameters  have  not  been  changed,  the  laser  pulse 
now  extends  over  several  Ap.  In  this  run,  one  might  expect 
phase  detuning  to  limit  the  acceleration  to  A7mai  ~  340 
(170  MeV).  However,  we  will  see  below  that  self-focusing 
enhances  the  laser  intensity  by  a  large  factor  (>  10)  such 
that  much  higher  electron  energies  can  be  obtained. 

Figure  3  shows  the  normalized  laser  intensity  at  (a) 
cr  =  2  Zr  (just  as  the  laser  enters  the  full-density  plasma) 
and  (b)  cr  =  3.2 Zr  (just  beyond  the  vacuum  focal  point). 
The  axial  electric  field  at  cr  —  3.2 Zr  is  shown  in  Fig.  4. 
The  laser  pulse  has  been  modulated  (three  peaks  are  ob¬ 
servable  in  Fig.  3(b),  separated  by  ~  Ap)  and  the  plasma 
wave  is  highly  nonlinear.  In  addition,  relativistic  and  den¬ 
sity  wake  effects  have  focused  the  laser  to  a  much  higher 
intensity  than  was  observed  in  the  previous  simulation. 
Figure  1,  which  shows  the  peak  accelerating  field  versus 
time,  indicates  that  the  laser  pulse  is  optically  guided  over 
5.5 Zr.  Note  that  the  leading  portion  of  the  “beamlet” 
structure,  with  length  <  diffractively  erodes 

[3,8].  However,  the  extreme  focusing  of  the  laser  pulse 
increases  yx  such  that  the  erosion  is  minimized.  In  addi¬ 
tion,  the  group  velocity  within  the  modulated  pulse  varies 
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Figure  3:  Laser  intensity  [d/|2,  sampled  over  a  coarse  grid 
(the  numerical  grid  is  much  finer),  at  (a)  cr  =  2 Zr  and  (b) 
cr  ss  3.2Zr.  The  laser  pulse  is  moving  towards  the  right. 

locally  with  laser  intensity  and  electron  density,  further 
distorting  the  pulse  profile.  The  laser  beamlets  continue 
to  distort  and  erode  until  cr  ~  7 Zr,  at  which  time  the 
laser  pulse  disintegrates  entirely. 

Figure  1  (solid  line)  also  shows  that  as  the  pulse  be¬ 
comes  fully  modulated,  the  amplitude  of  the  peak  accel¬ 
erating  field  saturates.  We  have  performed  further  simu¬ 
lations  that  show  that  as  the  wake  amplitude  increases  to 
the  point  that  the  plasma  electrons  are  expelled  entirely 
from  the  axis  of  the  simulation,  the  growth  of  the  instabil¬ 
ity  slows.  In  addition,  the  2-D  nature  of  the  instability  re¬ 
quires  that  regions  of  focusing  and  defocusing  occur  within 
the  pulse.  We  find  that  when  defocusing  k  inhibited,  the 
growth  of  the  instability  diminishes. 

As  before,  a  beam  of  noninteracting  test  particles  is  in¬ 
jected  into  the  time-resolved  wakefield,  with  approximately 
2%  of  the  particles  being  trapped  and  accelerated.  The 
peak  particle  energy  of  430  MeV  k  observed  at  cr  =  1.8 
cm  =  6 Zr.  At  cr  =  3.0  cm  =  10 Zr,  however,  the  peak 
particle  energy  has  dropped  to  290  MeV  due  to  the  re¬ 
duced  group  velocity  of  the  laser  pulse,  which  causes  the 
electrons  to  slip  out  of  phase  with  the  wakefield  and  be¬ 
come  decelerated.  Figure  2  (solid  line)  shows  acceleration 
to  430  MeV  over  1.8  cm. 

V.  Conclusions 

We  have  proposed  a  new  configuration  of  the  LWFA  in 
which  enhanced  acceleration  (by  a  factor  >  10)  is  achieved 
via  resonant  self-modulation  of  the  laser  puke  (thk  con¬ 
cept  k  also  discussed  in  Ref.  10,  which  was  only  recently 
brought  to  our  attention).  The  self-modulation  mecha¬ 
nism  requires  P  >  Pc  and  L  >  Ap.  We  have  demon¬ 
strated,  via  simulation,  the  dramatic  advantages  of  the  self- 
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Figure  4:  Axial  electric  field  Ex  versus  £  plotted  at 
cr  =  3.2  Zr. 

modulated-LWFA[5]  relative  to  the  standard  LWFA  [1-3]. 
We  have  further  demonstrated  the  feasibility  of  the  self- 
modulated  case  by  confining  our  simulations  to  currently- 
availabk  laser  parameters.  It  k  a  notable  aspect  of  these 
simulations  that,  by  increasing  only  the  plasma  density, 
one  can  test  both  the  simple  linear  theory  and  the  highly 
nonlinear,  self-modulation  regime  described  here. 
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Abstract  We  present  an  initial  design  of  a  proof-of -principle 
experiment  on  the  Laser  Wakefield  Accelerator  (LWFA).  The 
experiment  will  utilize  the  NRL  Table-Top  Terawatt  (T3)  laser 
system  as  the  driver  for  the  wakefield  in  a  pulsed-valve  gas  jet 
plasma,  and  a  -1  MeV  Febetron  as  the  election  beam  injector. 
The  LWFA  will  be  operated  in  die  self-modulated  regime  [1] 
where  enhanced  acceleration  gradcnts  and  extended  interaction 
distances  can  be  achieved.  Numerical  simulations  demonstrate 
that  with  the  present  parameters  of  the  T3  laser,  peak 
accelerating  gradients  am  reach  >300  GeV/m  and  single  stage 
energy  gain  of  >100  MeV  can  be  attained. 

I.  INTRODUCTION 

Plasma-based  accelerators  have  recently  been  the  subject 
of  intense  research  because  of  their  potential  for  high 
accelerating  gradients,  compact  size  and  low  cost  compared 
with  conventional  rf -driven  accelerators  12].  While 
conventional  rf-driven  accelerators  are  limited  to  fields  on  the 
order  of  100  MeV/m,  plasma  accelerators  have  been  shown 
experimentally  to  support  gradients  of  -1  GeV/m  [3]  in  the 
Plasma  Beat  Wave  Accelerator  (TOW A),  and  are  predicted 
theoretically  and  numerically  to  support  gradients  exceeding 
300GeV/to  [1]  in  the  LWFA. 

Two  configurations  of  the  LWFA  have  been  proposed,  (i) 
the  "standard"  LWFA  [4]  and  (ii)  the  "self-modulated" 
LWFA.[1]  In  the  recently  proposed  self-modulated  LWFA, 
enhanced  acceleration  is  achieved  via  resonant  self¬ 
modulation  of  the  laser  pulse.  This  occurs  when  (i)  the  laser 
pulse  extends  axially  over  several  plasma  wavelengths,  L  » 
Xp,  and  (ii)  the  peak  laser  power  satisfies  P  2  Pc,  where 
Pc  is  the  critical  power  [5]  for  relativistic  optical  guiding, 
PcfGW]  -  17(X pAo)2  mid  Xo  is  the  laser  wavelength.  At 
fixed  laser  parameters,  both  conditions  can  be  met  by 
choosing  a  sufficiently  high  plasma  density,  n.  This  is  the 
case  since  Pc  «  1/n  and  Xp  «  l/Vn.  Operation  in  the  self- 
modulated  regime  has  very  significant  advantages  over  the 
standard  configuration. 

The  newly  developed  T3  laser  technology  [6]  is  capable  of 
delivering  the  short  (<  1  ps),  ultrahigh  power  (>  1  TW)  laser 
pulses  required  by  the  LWFA.  Simulations  based  on  the  NRL 
T3  laser  parameters  and  the  self-modulated  LWFA 
configuration  indicate  that  accelerating  fields  in  e’oess  of  300 
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GeVAn  and  electron  energies  in  excess  of  100  MeV  can  be 
obtained  in  a  single  stage. 

n.  APPROACH 

A  schematic  of  a  proof-of-principle  LWFA  experiment  is 
shown  in  Fig.  1. 


Fig.  1.  Schematic  of  the  proof  of  principle  LWFA 
experiment  An  electron  beam  from  a  compact  injection 
accelerator  is  accelerated  by  the  laser  plasma  wakefield  and  then 
energy  resolved  with  an  electron  spectrometer. 

A  pulsed-valve  is  used  to  deliver  a  high  density  gas  jet 
inside  an  evacuated  chandler.  The  gas  jet  is  ionized  through 
multipboton  ionization  to  form  a  plasma  column  by  either  a 
precursor  pulse  or  the  prepulse  of  the  driver  laser  pulse.  The 
driver  laser  pulse  is  focused  into  the  plasma  column  with 
appropriate  optics  such  as  an  off-axis  paraboloid  (O.A.P.)  at 
high  intensities  to  generate  the  wakefield.  The  characteristics 
of  the  plasma  wakefields  are  measured  with  the  Thomson 
scattering  diagnostics.  An  electron  beam  with  energy  high 
enough  to  be  trapped  by  the  wakefield  is  injected  into  the 
plasma  after  being  transported  and  focused.  Accelerated 
electrons  are  detected  and  analyzed  with  a  magnetic 
spectrometer  for  the  energy  spectrum.  The  parameters  for  the 
experiment  are  shown  in  Table  L 

III.  APPARATUS 

This  experiment  consists  of  five  major  components:  A) 
the  NRL  T3  laser  to  (hive  the  wakefield,  B)  the  NRL  Febetron 
electron  accelerator  for  electron  injection  into  the  wakefield,  C) 
a  gas  jet  plasma  source  to  support  the  wakefield,  D)  a 
Thomson  scattering  diagnostics  for  characterizing  the 
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wakefield,  and  E)  an  electron  spectrometer  to  measure  the 
energy  g«ta  the  injected  electrons. 


Laser  parameters: 
Wavelength 
Energy 
Pulse  length 

Focal  spot  radius  (F/6  optics) 
Intensity 


1.054  pm 
-15  J 
-750  fs 
-10  pm 

-13  x  1018  W/cm2 


synchronization.  The  Febetroo  is  capable  of  producing  several 
IcA's  of  beam  current  However,  to  avoid  perturbing  the 
plasma  with  a  high  current  electron  beam,  the  Febetroo  beam 
current  will  be  limited  to  -10  A  by  mismatching  the  diode  and 
collimating  the  beam  with  a  pinhole  aperture  (few  mm).  The 
collimation  also  acts  as  an  emittance  filter  and  produces  a  high 
quality  electron  beam  which  can  be  focused  with  a  magnetic 
lens  for  better  matching  to  the  acceptance  of  the  plasma 
wakefield. 


Wakefield  parameters: 
Plasma  density 
Plasma  wavelength 
Acceleration  gradient 
Interaction  length 
Pump  depletion  length 
Phase  detuning  length 
Energygain 


-1.25  x  1019  cm  3 
-10  pm 
>300  GeV/m 
-03  cm 
-2  cm 
-0.4  cm 
>100  MeV 


Electron  beam  parameters: 


Energy  -1  MeV 

Current  -10  A 

Arise  length  -50  ns 

Focused  beam  radius  -100  pm 

Number  of  electrons  trapped  -10s 


Table  I.  Typical  laser,  wakefield,  and  electron  beam 
parameters  for  the  proof-of-principte  LWFA  experiment 


A.  Laser  Diver 

The  NRL  T3  laser  is  based  on  the  chirped  pulse 
amplification  (CPA)  concept  [6]  which  takes  advantage  of  the 
fact  that  laser  amplifiers  can  better  amplify  a  long  pulse  than  a 
short  poise.  By  incorporating  frequency  chirping  in  a  long 
pulse,  the  amplified  pulse  can  be  compressed  by  use  of 
gratings  into  a  short  pulse  with  much  higher  intensity.  The 
NRL  T3  laser  system  has  been  operational  since  OcL  1992.  It 
has  an  energy  per  pulse  of  -1.5  J  and  a  pulse  length  of  -750 
fs,  giving  a  laser  power  of  -2  TW.  The  high  quality  laser 
beam  produces  a  spot  size  of  -20  pm  at  1.4  times  diffraction 
limited  with  an  f/6  lens,  giving  a  peak  intensity  of  -1.3  x 
1018  W/cm2.  It  also  has  a  high  contrast  ratio  of  -10'6 
between  the  amplitude  of  the  prepulse  to  the  central  peak.  The 
repetition  rate  is  one  pulse/4  minutes. 


B.  Electron  Beam  Injector 


In  a  practical  LWFA,  the  electron  bunch  must  be 
synchronized  in  both  time  and  space  to  the  wakefield  for 
maximum  accelerating  gradient  and  minimum  energy  spread. 
However,  for  a  proof-of-principle  experiment,  the  minimum 
required  bunch  length  is  determined  by  having  enough 
electrons  to  be  accelerated  for  detection.  The  NRL  Febetroo 
electron  beam,  which  has  a  pulse  length  of  50  ns,  will  behave 
as  if  it  is  CW,  and  therefore  eliminate  the  problem  of 


C.  Plasma  Source 

By  operating  the  LWFA  in  the  self-modulated  regime, 
substantially  higher  gradients  and  looger  interaction  distances 
can  be  achieved.  This  can  be  accomplished  by  using  a  higher 
density  plasma,  while  utilizing  the  same  parameters  for  the 
laser  and  the  electron  beam.  By  incorporating  an  ultrasonic 
nozzle  to  a  pulsed-valve  gas  jet,  neutral  gas  density  of  >  1  x 
1019  cm'3  can  be  obtained.  The  corresponding  critical  power 
for  relativistic  focusing  for  this  plasma  density  is  1.7  TW  and 
the  plasma  wavelength  is  only  10  pm.  Many  periods  of 
plasma  wakefields  can  be  excited  in  the  750  fs  laser  pulse. 

D.  Wakefield  Characterization 

Coherent  Thomson  scattering  [7]  will  be  used  to  detect 
the  plasma  wakefields  and  measure  its  frequency  and 
amplitude.  In  this  process,  a  light  wave  is  scattered  by  a 
plasma  wave.  The  scattered  light  wave  is  frequency  shifted  by 
the  plasma  wave  frequency.  Thomson  scattering  from  the 
plasma  wave  is  performed  with  a  synchronized  coUinear  longer 
laser  pulse  (-20  mJ,  -100  - 150  ps,  of  either  1  pm  (to)  or  0.5 
pm  (2to)  light)  derived  from  a  separate  but  synchronized 
transform-limited  laser  developed  at  CUOS.  The  wavelength 
shift  far  an  electron  plasma  density  of  1016  - 1019  cm  3  is 
found  from  phase  matching  conditions  to  be  approximately 
A\  =  30  -  950  A  for  os  and  8  -  240  A  for  2fi>  light,  which  can 
be  measured  with  a  conventional  double  grating  spectrometer. 

The  amplitude  of  the  plasma  wave,  An/n,  is  obtained 
from  the  amplitude  of  the  scattered  light  through  the  Bragg 
scattering  formula  [8].  Assuming  a  plasma  wave  amplitude  of 
10%  and  probe  pulse  energy  of  20  mJ,  as  many  as  108  - 1014 
photons  will  be  scattered.  It  is  expected  that  the  plasma  wave 
amplitude  can  be  increased  to  beyond  the  nonrelativistic  cold 
plasma  wavebreaking  limit.  An/a  =  1,  where  nonlinear 
behavior  of  the  plasma  wave  is  prominent  The  nonlinear 
regimes  of  wakefield  generation  can  be  studied  by  measuring 
the  harmonics  of  the  plasma  wave  frequency  in  the  spectrum 
of  the  scattered  light  [9]. 

E.  Electron  Energy  Analyzer 

The  energy  of  the  accelerated  electrons  will  be  measured  as 
a  function  of  laser  intensity,  plasma  density,  and  acceleration 
distance.  Because  the  election  bunch  is  much  longer  than  the 
plasma  wavelength,  electrons  would  interact  with  the 
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wakefield  at  arbitrary  points  along  the  wave  and  thus 
experience  arbitrary  gradients.  A  large  energy  spread  (1  -100 
MeV)  would  be  expected  regardless  of  the  input  electron 
energy  spread.  A  magnetic  electron  spectrometer  is  most 
suitable  for  analyzing  electron  beams  with  large  energy  spreads 
due  to  its  large  dynamic  range.  By  allowing  a  collimated 
electron  beam  to  enter  a  narrow  gap  separating  two  magnetic 
poles,  the  beam  velocity  can  be  determined  from  the  resulting 
radius  of  curvature.  The  curved  electrons  can  be  detected  with 
solid  state  detectors,  scintillators  or  Cerenkov  detectors. 
Magnetic  monochromators,  where  the  electrons  go  though 
fixed  radius  of  curvature,  are  more  suitable  for  lower  energy 
electrons  (1-10  MeV).  For  higher  energy  electrons,  the  energy 
spectrum  can  be  studied  with  constant  field  magnetic 
spectrometers,  attenuation  filters,  and  Cerenkov  cells.  Direct 
observation  of  the  electrons  in  a  Wilson  cloud  chamber  is  also 
possible  [3]. 

IV.  DISCUSSION 

The  number  of  electrons  that  may  be  trapped  by  the 
wakefield  can  be  estimated  as  follows.  Assuming  the 
wakefield  has  a  spatial  extent  of  ~  20  pm  and  an  amplitude  of 
a  fraction  of  the  nonrelativistic  wave  breaking  field,  the 
acceptance  of  tbe  wakefield  in  phase  space  is  typically  an 
elongated  vertical  ellipse  because  of  the  very  large  radial 
wakefield  that  is  excited  together  with  the  longitudinal 
accelerating  wakefield.  On  the  other  hand,  the  electron  beam's 
phase  space  area  is  typically  a  horizontal  elongated  ellipse  as  it 
comes  out  of  the  Febetron  accelerator.  For  a  good  emittance 
electron  beam  (-5  n  mm  mrad),  it  can  be  focused  down  to 
-200  pm.  The  electron  beam's  phase  space  area  is  thus  rotated 
and  squeezed  into  a  vertical  ellipse  (still  wider  than  the  ellipse 
formed  by  tbe  wakefield  acceptance,  and  the  system  is  under 
focused).  The  overlapping  area  of  the  electron  beam  emittance 
and  tbe  acceptance  of  the  wakefield  is  approximately  given  by 
the  square  of  the  ratio  of  the  radial  wakefield  radius  to  the 
focused  electron  beam  radius.  The  ratio  is  -  5  x  10'3.  For  an 
electron  beam  with  -10  A  of  current,  a  picosecond  laser 
wakefield  will  overlap  with  -6.2  x  107  electrons.  Taking  into 
account  that  only  one  quarter  of  each  wak  field  period  has  both 
accelerating  and  focusing  wakefieids,  an  interaction  length  of  2 
mm,  and  the  emittance-acceptance  overlapping  ratio  estimated 
above,  the  number  of  electrons  that  can  be  trapped  and 
accelerated  is  -  2  x  10s.  Such  intensities  of  the  accelerated 
electron  may  be  conveniently  detected  with  solid  state  detectors 
or  scintillators  and  photo-multipliers. 

Although  the  minimum  injection  energy  required  for 
trapping  of  the  electrons  in  the  accelerating  potential  is  only 
-200  keV,  higher  injection  energy  is  required  to  overcome 
scattering  of  the  electrons  by  the  initial  radial  wakefield  in  an 
extended  plasma  region  [10].  A  plasma  column  with  sharp 
boundary  will  allow  a  rapid  buildup  of  the  wakefield  within 
tbe  scalelength  of  tbe  plasma  boundary  when  tbe  driver  laser 
arrives.  Numerical  simulations  have  demonstrated  that  with  a 
good  quality  electron  beam  and  a  sharp  boundary  plasma 


column,  electrons  with  -1  MeV  will  be  trapped  by  tbe 
wakefieids.  The  boundary  of  the  gas  jet  is  more  well  defined 
at  the  earlier  stages  of  the  gas  jet  evolution.  It  is  important  to 
synchronize  tbe  ionizing  laser  and  the  driver  laser  with  respect 
to  the  gas  jet  so  as  to  create  a  plasma  with  a  sharp  boundary. 
This  will  facilitate  more  efficient  trapping  of  the  electrons  in 
the  injection  electron  beam. 

V.  CONCLUSIONS 

We  have  presented  a  preliminary  design  on  a  100  MeV 
proof-of-principle  experiment  of  the  LWFA  operating  in  tbe 
self-modulated  regime.  The  experiment  is  based  on  tbe  NRL 
T3  laser  driver  and  the  NRL  Febetron  electron  accelerator.  We 
have  discussed  the  various  diagnostics  for  wakefield 
characterization  and  electron  energy  analysis.  We  have  also 
discussed  the  importance  of  using  a  gas  jet  as  tbe  plasma 
source,  and  the  propagation  and  focusing  of  tbe  electron  beam 
for  better  trapping  of  tbe  electrons.  A  proof-of-principle 
LWFA  experiment  that  can  produce  very  high  accelerating 
gradients  and  final  energies  appears  to  be  feasible. 
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Abstract 

Theory  and  simulation  of  short-pulse  laser  plasma 
accelerators  is  presented.  The  plasma  beat  wave  and  laser 
wakefield  accelerators  are  examined  for  the  parameters  of 
recently  developed  high-brightness  lasers.  For  typical 
parameters,  energy  gains  of  .3  to  lGeV  over  a  few  centimeters 
length  appear  feasible  with  a  short  pulse  beat  wave  design. 
Issues  important  for  extending  these  designs  to  multi-GeV 
acce'eration  of  beams  with  high  beam  quality  are  examined, 
including  optical  guiding  of  the  lasers,  non-linear  laser  and 
wake  velocity  shifts,  and  long-term  stability  of  the  laser 
pulses. 

I.  INTRODUCTION 

The  recent  success  of  the  plasma  beat  wave  accelerator  at 
UCLA  (see  C.  Clayton,  these  proceedings),  coupled  with  the 
rapid  advancement  of  laser  technology  point  to  a  promising 
future  for  short  pulse  laser-plasma  accelerators.  It  is  natural 
then  to  consider  what  arc  the  key  issues  for  next  generation 
experiments  at  the  100  MeV  to  GcV  level  and  beyond.  These 
issues  include  long-term  stability  of  intense  laser  pulses,  non¬ 
linear  effects  on  the  laser  group  velocity  and  resulting 
accelerating  wake  velocity,  and  techniques  for  guiding  the  laser 
pulses  over  many  diffraction  lengths. 

First,  we  illustrate  with  an  example  that  with  present 
technology  it  is  possible  to  design  a  GeV  experiment  that  is  a 
straight  forward  extension  of  the  UCLA  experiment.  In  the 
UCLA  experiment,  it  was  demonstrated  that  short  pulses  could 
avoid  competing  instabilities  and  that  the  energy  gain  of 
approximately  20  MeV  was  consistent  with  an  acceleration 
length  equal  to  the  laser  depth  of  focus. 

Then  we  take  up  the  long-term  stability  of  laser  pulses. 
The  parametric  instabilities  of  radiation  in  plasmas  has  been 
long  studied.  For  pulses  shorter  than  an  ion  plasma  period  all 
of  the  ion  instabilities  can  be  avoided.  Thus  wc  consider  the 
coupling  to  electron  plasma  noise  known  as  Raman  scattering. 
For  pulses  shorter  than  a  few  times  the  c-folding  time  of  the 

Raman  backscalicr  instability  (tr  =  2V2  |(Vos/c)  VtOoWpl'1, 
where  Vos/c  =  cAo/mc2  is  the  normalized  laser  amplitude  and 
0)o  is  its  frequency),  this  can  be  avoided.  Qn  the  other  hand, 
even  for  pulses  shorter  than  the  Raman  forward  scattc 

temporal  growth  time  (xp  ~  2^2  i(V0S/c)  Op/tUol’1)  this 

instability  can  still  be  important  because  the  decay  waves 
travel  in  the  direction  of  the  pulse  at  nearly  c.  Wc  consider  for 
the  first  lime  the  spatial-temporal  growth  of  the  forward 
Raman  instability  for  arbitrarily  intense  laser  pulses. 

*This  work  has  been  supported  by  the  US  Dept,  of  Energy 
(Grant  #DE-FG03-92ER40745) 

0-7803-1203- 1/93S03.00  ©  1993  IEEE 


Another  possible  limitation  to  the  energy  gain  and  beam 
quality  in  a  plasma  accelerator  is  the  dephasing  between  the 
particle  and  the  wave.  Therefore,  in  laser  plasma  accelerators 
it  is  important  to  understand  the  relationship  between  the 
laser's  parameters  (i.e.  shape,  amplitude,  and  frequency)  and  the 
excited  plasma  wave  phase  velocity.  In  the  limit  of  small 
V  eA 

laser  amplitude,  i.e.,  «  1,  the  plasma  waves 

phase  velocity  is  equal  to  the  laser  pulse's  group  velocity. 
However,  as  the  laser  amplitude  increases  these  relationships 
become  more  complicated  because  the  laser's  group  velocity 
(t)g)  depends  on  its  amplitude  and  the  wake's  phase  velocity 
(t)w)  depends  on  pump  depletion.  In  Sec.  IV  we  examine  the 
non-linear  laser  group  velocity  and  wake  phase  velocity 
analytically  and  computationally. 

Finally,  in  Sec.  V  wc  examine  one  technique  for  guiding 
laser  pulses  over  many  diffraction  lengths. 

II.  DESIGN  EXAMPLE 

An  illustrative  example  of  a  short-pulse  beat  wave 
accelerator  is  given  in  Table  1  and  Figure  1.  We  call  this  a 
hybrid  design  because  it  uses  very  short  laser  pulses  like  the 
laser  wakefield  scheme  but  two  frequencies  as  in  the  beat  wave 
scheme. 

t=300.00 


Figure  1 .  PIC  simulation  of  Plasma  wake  (above)  and 
laser  in  hybrid  example 
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The  parameters  are  typical  of  a  CPA  Nd:  Yag  laser1.  As 
shown  in  the  moving  PIC  simulation  in  Fig.  1,  the  plasma 
wake  grows  resonantly,  but  only  over  a  few  plasma  cycles. 
So  the  homogeneity  requirement  on  plasma  density  (Ano/n0  < 
one  over  the  number  of  growth  cycles)  is  greatly  relaxed  over 
previous  beat  wave  designs.  For  this  example  the  energy  gain 
is  limited  by  the  laser  Rayleigh  range  to  about  300  McV  in  2 
cm. 


through  the  plasma  longer  than  the  pulse  length)  and  large  ao: 
X,  a  grow  as  c1"  where 

T  =  2  Ynl Vyt  (3) 

2 

Ynl  =  Yo/Xoanc*  Yo  >s  the  usual  small-amplitude  temporal 
growth  rate  (y0  =  aoto^/2  co0) 


Table  1 


Hybrid  Wakeficld/Bcatwave  Accelerator 

An  Example: 

Laser  Wavelengths 

1.05,  1.06  pm 

Laser  Pulse  Length 

1.4  psec 

Laser  Power 

10  TW 

Laser  Spotsize  (2a) 

100  pm 

Rayleigh  Length 

0.8  cm 

Plasma  Density 

1017  cm'3 

Plasma  Homogeneity 

+/-20% 

Accelerating  Field 

160  McV/cm 

Acceleration  Length* 

6.4  cm 

Energy 

1  (XX)  McV 

‘Assumes  optical  guiding.  Max  energy  without  guiding  is 
300  MeV 

III.  FORWARD  RAMAN  INSTABILITY  OF 
SHORT  PULSES 

We  consider  a  laser  pulse  of  vector  potential  A  *  mc^a/e 
propagating  in  a  plasma  of  density  n0  =  mo)p/47ie2.  The 
coupled  equations  for  the  laser  potential  A  and  plasma 
potential  <|>  a  (x  -  l)mc2  are  found  in  the  coordinates  y  =  t  - 
x/c  and  x  =  t: 


-  2  3x  a  -  ' 

(1) 

-.2  1  1+a2  ,  _ 

3VZ+  2  11  1=>2 

(2) 

This  is  the  quasi-static  approximation2.  We  expand  these  for 

2  2  ji 

large  a  and  x  about  X  =  Xo  +  8x  where  =  1  +  %/2,  a  =  y 

cl6°  +  ^2  e'e+  +  ^2  C'°  +  C  C’  =  -  KjV  “  (“j  -  kj )  x,  8x 

=  8xsC10,  and  0+  =  0  ±  90.  The  details  and  an  exact  solution 
in  y  and  x  are  given  in  a  longer  paper3.  Here  we  give  the 
asymptotic  growth  rate  for  x  >  y  (i.e.,  distance  moved 


IV.  NON-LINEAR  GROUP  AND  WAKE 
VELOCITY 

An  analytical  expression  for  the  nonlinear  group  velocity 
is  obtained  by  starting  from  the  conservation  of  energy 
equations  for  a  fluid  plasma 

a  f  E2+B2  2  2I 

air^T+n  mc2  Y-n0mc2J 


+  V  •  E  x  B  +  n  mc2y  t)  J  (4) 

2 

where  o  is  the  electron  momentum  and  y=  [1  -  ^r]1.  A 

cz 

group  velocity  is  given  by  the  ratio  of  the  energy  flux  to  the 
energy  density.  For  long  pulses  this  provides  the  expression 


og  = 


c2Aj4 


2 


YJ.0  -1 


+2(02  Y_Lo(Yi_o+ 1 ) 


(5) 


where  Ylo  =  (1  +  <  ( — £)2>)172,  <  >  represents  averaging 
me^ 

of  the  laser  oscillations  and  Faraday's  law  was  used  to  relate  B 
to  E.  An  expression  for  o<|,  is  provided  by  the  well  known 

2  1 

results  of  Ahkiezer  and  Polovin,  o.  = - 2 — .  Therefore, 

tO^YXo 

in  the  nonlinear  limit  o$  og  no  longer  equals  c2.  Note  that 
expression  (4)  does  reduce  to  the  linear  results  as  yio  ->  1.  If 

2  / - 

we  define  Yg  -  0  -  ^  )'1^2  then  Yg  =  ^  2 - 

— .  The  relationship 

0)p 

between  og  and  ow  was  investigated  using  PIC  simulations. 
Analytical  results  are  difficult  because  the  wake's  phase 
velocity  is  influenced  by  ug,  linear  and  nonlinear  dispersion, 
photon  deceleration  (pump  depletion),  photon  acceleration  and 
pulse  distortion. 

It  was  found  that  the  group  velocity  of  symmetrically 
shaped  pulsed  of  length  <  2 n  c/(Dp  is  always  above  the  linear 
Og  but  below  the  nonlinear  og  of  long  pulses.  However,  the 
wake’s  phase  velocity  monotonically  decreases  from  the  linear 
Og  as  the  laser's  amplitude  is  increased.  We  believe  this  arises 
from  pump  depletion  which  causes  the  front  of  the  pulse  to 
distort.  Furthermore,  we  have  found  that  pulses  with  slow 


while  if  og  =  “  then  Yg  =  V  Y±o 
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rise  times  and  rapid  fall  times  provide  wakes  with  phase 
velocities  exceeding  the  nonlinear  group  velocity.  We  note 
different  conclusions  regarding  and  \>w  have  been  reached 
when  the  lowest  order  non  linearities  and  times  exceeding  the 
pump  depletion  time  were  considered.  Clearly,  further  work  is 
needed  to  fully  understand  the  dependence  of  ow  on  laser 
parameters. 

V.  HOLLOW  CHANNEL  LASER 
WAKEFIELD  ACCELERATOR4 

In  order  to  guide  a  short  pulse  over  long  distances  without 
diffraction  we  consider  a  hollow  evacuated  channel  in  the 
plasma.  Since  the  index  of  refraction  in  the  channel  (e  =  1)  is 

2  2 

greater  than  that  in  the  surrounding  plasma  (e  =  1 

the  channel  guides  the  laser  as  would  an  optical  fiber.  The 
channel  can  be  formed  by  a  precursor  laser  (of  high  frequency, 
low  intensity  and  long  pulse  length)  or  by  hydrodynamic 
means  prior  to  ionization  (c.g.,  a  partially  blocked  gas  jet). 

The  laser  excites  a  wake  on  the  surface  of  the  channel;  the 
fields  of  the  wake  extend  into  the  channel  where  a  particle 
beam  can  be  accelerated.  The  wake  is  illustrated  in  Fig.  2  and 
the  laser  pulse,  initially  and  after  13  Rayleigh  lengths,  is 
shown  in  Fig.  3. 

The  hollow  channel  scheme  presented  here  has  several 
attractive  features:  (1)  The  Rayleigh  length  limit  on 
acceleration  length  is  overcome.  (2)  The  wake  is  nearly 
uniform  as  a  function  of  radial  position  in  the  channel,  so 
beam  quality  should  be  good.  (3)  The  laser  and  wake  velocity 
are  higher  than  in  a  uniform  plasma,  so  phase  slippage  is 
reduced. 

Further  study  of  the  stability  of  such  pulses  is  planned. 


Figure  2.  Wake  in  a  hollow  plasma  channel 
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(a)  Initial  laser  pulse 


(b)  Laser  pulse  after  13  Rayleigh  lengths 


Figure  3. 
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Abstract 

We  intend  to  carry  out  a  series  of  plasma  lens  experiments 
at  the  Final  Focus  Test  Beam  facility  at  SLAC.  These 
experiments  will  be  the  first  to  study  the  focusing  of  particle 
beams  by  plasma  focusing  devices  in  the  parameter  regime  of 
interest  for  high  energy  colliders,  and  is  expected  to  lead  to 
plasma  lens  designs  capable  of  unprecedented  spot  sizes. 
Plasma  focusing  of  positron  beams  will  be  attempted  for  the 
first  time.  We  will  study  the  effects  of  lens  aberrations  due  to 
various  lens  imperfections.  Several  approaches  will  be  applied 
to  create  the  plasma  required  including  laser  ionization  and 
beam  ionization  of  a  working  gas.  At  an  increased  bunch 
population  of  2.5  x  1010,  tunneling  ionization  of  a  gas  target 
by  an  electron  beam  -  an  effect  which  has  never  been  observed 
before  -  should  be  significant.  The  compactness  of  our  device 
should  prove  to  be  of  interest  for  applications  at  the  SLC  and 
the  next  generation  linear  colliders. 

I.  INTRODUCTION 

Plasma  focusing  devices  are  compact,  simple,  and  very 
strong  focusing  elements.  The  focusing  strengths  for  typical 
parameters  are  equivalent  to  ~109  Gauss/cm  focusing  magnets. 
In  principle,  such  strong  fields  are  capable  of  focusing  beams 
to  very  small  spot  sizes  [1-6]  and  perhaps  even  capable  of 
avoiding  [7]  inherent  (Oide)  limitation  [8]  in  discrete  strong 
focusing.  Our  goal  is  to  show  the  effectiveness  of  plasma 
lenses  in  the  parameter  regime  of  interest  for  SLC  and  the  next 
generation  high  energy  linear  colliders.  The  experience  gained 
is  expected  to  yield  new  final  focus  designs  capable  of 
producing  spot  sizes  smaller  than  ever  produced  before. 

There  are  two  low  energy,  low  density  beam  experimental 
results  which  confirm  the  theory  of  the  beam-plasma 
interaction  performed  at  ANL  [9,10]  and  Tokyo  University 
[11].  While  such  experimental  results  have  been  useful, 
however,  the  beam  densities  involved  in  the  ANL  and  Tokyo 
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experiments  were  6  to  7  orders  of  magnitude  lower  than  the 
nominal  colliding  beam  density  at  the  SLC  and  the  next 
generation  linear  colliders,  so  that  the  experience  is 
insufficient  to  design  or  evaluate  a  plasma  lens  in  a  high 
energy  collider  detector.  A  beam  such  as  the  FFTB  offers  a 
unique  environment  to  test  all  aspects  of  plasma  focusing  of 
high  energy,  high  density,  and  low  emittance  beams. 

H.  PARAMETER  STUDIES 


When  ignoring  the  effects  due  to  the  return  current,  the 
focusing  strength  for  underdense  plasma  lenses  is  governed  by 
the  plasma  density  np. 


K  = 


(2.1) 


whereas  for  the  overdense  plasma  lenses  the  strength  is 
determined  by  the  beam  density  nh, 

2  nre 

Y 


K  = 


~nb 


(2.2) 


The  plasma  return  current  tends  to  reduce  the  focusing  effect  of 
the  lens  [12],  The  effect  is  approximately  given  by 


Krc  \+(kp0r)2 


(2.3) 

where  crr  is  the  rms  size  of  the  beam  and  kp  -  ^4nrenp  is  the 
plasma  wavenumber.  The  effect  is  appreciable  only  when  the 
plasma  is  considerably  denser  than  the  beam. 


Beam  Parameters 

Case  1 

Case  2 

Case  3 

£  [GeV] 

50 

50 

50 

N  [10l°] 

1.0 

1.0 

1.0 

E„  [  10"5  m-rad] 

3.0 

3.0 

3.0 

Po  [cm] 

7.5 

7.5 

7.5 

C*o  [[tm] 

4.74 

4.74 

4.74 

Po  [cm] 

8.03 

8.03 

8.03 

<J0  [ftm] 

4.91 

4.91 

4.91 

Oj  [mm] 

0.47 

0.47 

0.47 

nm  [1016  cm  3] 

5.3 

5.3 

5.3 

Lens  Parameters 

.  , 

f-,  '  •  .  '  ; 

*„[1017  cm  3] 

0.2 

1.0 

10 

12.5 

28.0 

88.5 

so  [cm] 

-2.0 

-2.0 

-2.0 

/  [cm] 

0.3 

0.3 

0.3 

/[cm] 

3.80 

2.92 

3.60 

Focused  Beam 

P*  [mm] 

3.7 

2.1 

3.4 

o\  [Itm] 

3.35 

2.55 

3.23 

s*  [cm] 

1.95 

1.07 

1.75 

Table  I:  Round  Beam  Focusing 
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A.  Round  Beam  Focusing 

Tfae  plasma  is  created  by  an  intense  laser  before  the  arrival 
of  the  particle  beam  bunch.  The  gas  density  will  be  varied  to 
cover  all  regimes  of  the  plasma  lens  from  underdense  to 
overdense  and  to  the  total  compensation  limit,  at  which 
focusing  degrades  due  to  return  current.  Typical  parameters 
corresponding  to  these  lenses  are  shown  in  Table  1 . 

In  the  table,  £is  the  beam  energy  and  e„  is  the  normalized 
emittance.  The  initial  beta  at  the  vacuum  waist  is  Pq  and  j0  is 
the  beginning  of  the  lens  with  respect  to  this  waist.  The  beta 
function  at  the  entrance  to  the  lens  is  p0  and  l  is  the  lens 
thickness.  The  focal  length  of  the  lens  is  f  =  s'  -  s0-l 1 2 
where  s'  is  the  distance  of  the  new  focal  point  from  the  initial 
one  without  plasma.  The  plasma  density  is  np  and  /iM  is  the 
peak  beam  density  at  the  entrance  to  the  plasma. 

B.  Flat  Beam  Focusing 

With  the  designed  FFTB  beam  parameters  while 
N  =  2.5  x  1010,  the  beam  is  intense  enough  to  produce  a  high 
density  plasma  by  impact  ionization  and  should  even  reach  the 
tunneling  ionization  threshold  when  close  enough  to  the 
initial  focal  point.  Theory  [6]  and  simulations  [13]  of  such  a 
scheme  suggest  substantial  plasma  focusing.  Typical 
parameters  for  such  plasma  lenses  are  shown  in  Table  2. 

In  Case  4,  the  tunneling  ionization  threshold  is  reached 
right  from  the  start  of  the  lens,  and  the  ionization  is  quickly 
saturated.  With  the  complimentary  impact  ionization,  we 
expect  that  the  plasma  so  produced  should  be  reasonably 
uniform,  and  the  aberrations  should  be  much  mild.  In  Case  5, 
the  vertical  beam  size  goes  down  to  -38  nm,  which  is  less 
than  2/3  of  the  60  nm  designed  FFTB  minimum  vertical  beam 
size. 


Beam  Parameters 

Case  4 

Case  5 

£[GeV] 

50 

50 

N[10‘0] 

2.5 

2.5 

[10-5  m-rad] 

3.0  /  0.3 

3.0  /  0.3 

P*0  /  p*0  [mm] 

3.0  /  3.0 

3.0/0.12 

1000  /  333 

1000  /  60 

P*o  !  P»o  [*nm] 

4.33  /  4.33 

4.33  /  33.5 

Gxo/Oyo  [nm] 

1200  /  400 

1200/1000 

az  [mm] 

0.47 

0.47 

n*o  HO18  cm  3] 

7.7 

2.8 

Lens  Parameters 

2.0 

2.5 

125.1 

139.9 

«o  [mm] 

-2.0 

-2.0 

/  [mm] 

1 

1 

/[mm] 

16 

1.38/0.87 

Focused  Beam 

0.9  /  0.9 

0.75  /  0.047 

|  o*  /  0*  [nm] 

520/  165 

480  /  38 

0.10/0.10 

-0.12/  -0.63 

Table  2:  Flat  Beam  Focusing 


Figure  1:  Outline  of  Plasma  Lens  Experimental  Setup 
ffl.  EXPERIMENTAL  DESIGNS 


A.  Experimental  Setup 

The  outline  of  the  experiments  is  shown  in  Figure  1 .  The 
setup  mainly  consists  of  a  vacuum  chamber  with  a  plasma 
chamber  embedded  and  ports  for  ionization  laser,  plasma 
diagnostics  and  beam  size  measuring  devices.  The  setup  is  to 
be  installed  at  the  FFTB  final  focus  region  near  Station  1027. 
An  isometric  view  of  the  design  is  shown  in  Figure  2. 


Figure  2:  Plasma  Lens  Experiments  at  the  FFTB. 


B.  Plasma  Chamber 

The  plasma  chamber  is  shown  in  Figure  3.  The  chamber 
itself  is  a  small  (1-3  mm)  pipe  machined  out  of  a  metal 
block  which  allows  easy  variation  of  lens  thickness  and  good 
structural  integrity.  The  particle  beam  enters  the  gas  pipe  and 
exits  through  0.01  cm  holes  at  the  center  of  the  block.  A 
pressure  differential  is  maintained  between  the  gas  connections 
for  a  laminar  gas  flow  through  the  pipe,  which  should  reduce 
gas  loss.  Pumping  chambers  are  provided  on  both  sides  of  the 
gas  pipe  to  capture  most  of  the  leakage  before  it  enters  the 
vacuum  chamber.  Ionization,  diagnostic,  and  beam  size 
measurement  lasers  are  injected  through  windows  on  the 
chamber.  The  shield  in  front  of  the  chamber  blocks  photons 
accompanying  the  particle  beam.  Hydrogen  gas  will  be  used  to 
minimize  the  background  from  beam-plasma  interaction. 

C.  Vacuum  System 

For  the  maximum  plasma  density  in  Case  5  of 
n#,  =  2.5xl018  cm'3,  a  H2  pressure  of  38.8  torr  at  room 
temperature  is  required.  In  order  to  keep  pumping  requirements 
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Figure  3:  Plasma  Chamber 


within  a  practical  range,  the  body  of  plasma  chamber  is 
hollowed  out  to  create  two  pumping  chambers  as  shown  in 
Figure  3,  which  enable  the  majority  of  the  gas  to  be  picked  up 
at  a  high  pressure  using  a  30  liter/sec  mechanical  pump.  The 
gas  then  flows  out  of  the  plasma  chamber  through  two 
narrow,  high  impedance  openings  into  the  vacuum  chamber 
for  the  experiments.  This  vacuum  chamber  is  pumped  through 
two  12.7  cm  (5")  ports  by  a  1000  liter/sec  turbo  molecular 
pump  to  a  pressure  of  1.5x  10-6  torr.  The  beam  line  is  a  very 
large  restriction  to  the  flow  of  hydrogen  out  of  the  vacuum 
chamber.  Approximately  6xl0~u  gm/ sec  flows  down  the 
beam  line  where  it  is  captured  by  two  ion  pumps.  With  the 
small  quantities  of  hydrogen  involved,  hydrogen  safety  for  the 
vacuum  system  should  not  be  a  problem. 

D.  Laser  Systems 

The  ionizing  laser  pulse  for  the  experiments  will  be 
generated  from  the  same  1  pm  wavelength  laser  system  which 
is  currently  being  developed  for  the  E-I44  [14]  experiment  at 
the  FFTB.  The  high-powered  Ndrglass  laser  is  based  on  the 
concept  of  chirped  pulse  amplification  and  compression  (CPA) 
[15-18],  which  will  produce  pulses  of  1  ps  duration  with 
energies  up  to  -2  J  (-2  TW)  at  1  Hz.  The  laser  will  be 
synchronized  to  the  electron  beam  with  an  accuracy  of -1  ps. 

For  the  plasma  lens  experiments,  a  small  portion  of  the 
laser  energy  will  be  splitted  off  and  frequency  doubled  to 
provide  a  0.S  pm  wavelength  pulse  for  plasma  diagnostics 

[19].  The  bulk  of  the  energy  will  be  focused  with  a  cylindrical 
lens  to  form  the  plasma  lens. 

E.  Beam  Size  Monitors  (BSM) 

For  the  round  beams  of  Case  1,  2,  and  3,  beam  sizes  of 
-2-4  pm  are  involved.  The  BSM  for  these  cases  is  a  wire 
scanner  using  carbon  fibers  [20].  Fibers  of  -4  pm  in  diameter 
should  allow  the  measurement  of  beam  sizes  to  -2  pm  and 
sustain  beam  intensity  of  1  x  1010.  The  bremsstrahlung  yields 
are  measured  using  existing  bremsstrahlung  detectors  installed 
for  the  FFTB  wire  scanners. 

For  Case  4  and  5,  spot  sizes  with  o,  at  -0.5  - 1  pm,  and 
Oy  of  order  40  nm  are  involved.  The  BSM  for  these  cases  is  a 
version  of  the  Laser-Compton  Monitor  (LCM)  developed  by 
T.  Shintake  [21].  Since  only  Mode  1  and  3  of  the  monitor 
[22]  are  sufficient  for  Case  4  and  5,  the  implementation  will 
be  simpler  than  the  LCM  installed  for  the  FFTB.  The  required 


laser  is  shared  with  the  FFTB  version  of  the  monitor  by 
mechanically  inserting  a  beam  splitter/mirror  into  the  existing 
laser  transport  line. 

IV.  CONCLUSIONS 

The  series  of  experiments  to  be  performed  will  serve  to 
characterize  plasma  focusing  devices,  and  if  successful,  will 
lead  to  practical  applications  at  the  SLC  and  the  next 
generation  of  linear  colliders.  The  primary  goal  of  our 
experiments  is  to  study  the  focusing  of  high  energy  and  high 
density  particle  beams  by  plasma  lenses  of  various  densities 
and  thicknesses.  Plasma  focusing  of  positron  beams  will  be 
demonstrated  for  the  first  time.  With  a  bunch  population  of 
about  2.5 xl0'°  from  the  FFTB,  we  will  demonstrate  the 
tunneling  ionization  of  a  gas  target  by  an  electron  beam,  and 
establish  the  plasma  lens  as  a  simple,  compact  and  economical 
add-on  device  for  luminosity  enhancement  in  linear  colliders. 
Furthermore,  the  total  compensation  of  beam  self-fields  by  the 
plasma  can  be  of  interest  for  beamstrahlung  suppression  in 
future  linear  colliders. 
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Abstract 

An  electrostatic  lens  is  described  in  which  a  pulsed 
magnetic  field  is  used  to  create  a  radial  charge  separation  in 
a  cylindrical  plasma.  The  radial  field  can  be  made  strongly 
fixusing  for  a  positively  or  negatively  charged  beam  passing 
along  the  axis.  On  a  longer  time  scale,  the  ions  initially  in 
the  plasma  are  accelerated  to  the  axis  with  energies  of  up  to 
0.5  MeV.  The  device  may  be  useful  as  a  generator  of 
neutrons  as  well  as  a  lens  for  charged  particle  beams.  Pulsed 
radial  electric  fields  exceeding  100  MV/m  should  be  possible 
from  modest  magnetic  compression  fields. 

I.  INTRODUCTION 

Several  collective  accelerators  have  been  described 
and  tested  in  which  ions  are  trapped  in  the  space-charge 
electric  field  of  a  non-neutral  rotating  electron  ring  which  is 
subsequently  accelerated  by  a  magnetic  gradient1.  The 
advantage  of  such  schemes  is  that  the  space-charge  electric 
field  of  the  electrons  can  be  stronger  than  accelerating  fields 
created  by  other  means.  In  this  work,  we  describe  a  lens 
based  upon  a  cylinder  of  charge-neutral  plasma  in  which 
there  is  a  radial,  space-charge  electric  field  due  to  a  pulsed 
magnetic  field  acting  unequally  on  the  electrons  and  ions 
(Fig.  1).  We  show  that  potentials  of  the  order  of  0.5  MV  can 
be  created.  The  device  is  similar  to  a  collective  lens  which 
has  been  experimentally  demonstrated2*3*4*5. 


H.  EQUATIONS  OF  MOTION 

We  assume  a  cylindrical  plasma  having  a  length 
much  longer  than  its  radius  so  that  axial  motion  can  be 
neglected.  We  also  assume  that  the  plasma  is  collisionless 
and  that  the  canonical  angular  momenta  of  the  particles  are 
conserved.  The  angular  momentum  P0  for  the  electrons  is 


h  -  V\  +y«v2e  *  -«b4,0  ,  [1] 

where  q  *  -e  is  the  electron  charge,  r  is  the  radius,  Aq  is  the 
time  dependent  vector  potential,  A^  a  is  the  initial  vector 
potential  which  determines  the  conserved  value  of  Pe,  y  is 
the  relativistic  factor,  m,  is  the  rest  mass  of  the  electron,  and 
6  is  the  azimuthal  coordinate.  The  subscript  zero  denotes 
the  value  at  the  initial  time.  For  a  uniform  field  the  vector 
potential  can  be  written 


Aq  -  d>/2«r , 


[2J 


where  is  the  flux  enclosed  at  radius  r  and  Bz  is  the  time 
dependent  axial  field.  The  angular  velocity  is  then 
determined  by  the  change  in  the  vector  potential: 


® = j£-(b‘  4*,o> = nL..  * 

2ymt  r  yr 


[31 


Fig  1.  Schematic  diagram  of  the  plasma  accelerator.  A 
rapidly  rising  magnetic  field  pushes  the  electrons  and  ions 
toward  the  axis.  The  difference  in  masses  causes  a  radial 
electric  field  which  retards  the  inward  motion  of  the 
electrons  and  which  accelerates  the  ions. 


where 

is  the  Larmor  frequency  (half  the  cyclotron  frequency),  B^0 
is  the  initial  field  which  determines  the  initial  canonical 
angular  momentum,  and  fl,  ,n  is  the  initial  Larmor 
frequency  for  which  y  -  1. 

The  radial  equation  of  motion  is 

■“■(YavO-PVe2  =-e(£r+/6S,)  ,  (5) 

at 

where  Er  is  the  space-charge  radial  electric  field.  The 
angular  velocity  is  known  from  [3]  thus  [5]  becomes 
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S' 


r<?^  £..«,£> 

2" 

l  7'  J 

=  -e£,. 


(61 


The  radial  equation  of  motion  for  ions  is  found  in  the  same 
way  with  the  simplification  that  the  ions  can  be  treated 
nonndativistically: 


magnetic  field  accelerates  the  electrons  a/imuthally  and  they 
begin  to  spiral  toward  the  origin.  A  radial,  space-charge 
electric  field  develops  which  prevents  the  electrons  from 
moving  radially  more  quickly  than  the  more  massive  ions.  If 
an  initial  magnetic  field  is  suddenly  decreased,  the  electrons 
begin  to  spiral  outward  which  creates  a  radial  space-charge 
field  of  the  opposite  sign. 

in.  OPERATING  LIMITS 


mjr  +mir 

( r2Q  ' 

,2 

. 

l  f  ) 

(7] 


The  electric  field  is  found  from  Poisson’s  equation. 
If  we  assume  a  sufficiently  large  plasma  density,  then  a  small 
fractional  difference  in  charge  density  can  provide  the 
electric  field.  This  quasineutrality  assumption  allows  us  to 
set  the  electron  and  ion  densities  equal.  The  continuity 
equation  then  requires  that  the  radial  velocities  be  equal. 
The  equations  of  motion  can  then  be  summed  to  yield  a 
single  equation 


m,r  =  -yny 


nl. 


r„4fl 


x.«.o 


yr 


I«1 


A.  Upper  bound  on  charge  density 

The  analysis  assumes  that  the  azimuthal  current 
induced  in  the  plasma  does  not  reduce  the  magnetic  field  at 
the  axis.  This  assumption  places  an  upper  bound  on  the 
plasma  density.  For  relativistic  electrons,  the  current  density 
can  be  estimated  tty  assuming  that  the  electron  tangential 
velocity  is  the  speed  of  light  From  the  current  density  and 
Ampere's  law  we  find  that 

MJB,  =  p„ necr/B, ,  [12] 

where  ABjj/Ej  is  the  fractional  change  in  the  field. 
Requiring  this  to  be  small  we  find 

1,  [131 


where  we  have  used  that  yme  «  mj.  This  can  be  further 
simplified  to 


r  -  -r\ 


r4Q2 
r0  WX.W,0 

yr4 


(9) 


where  is  the  nonrelativistic  electron  plasma  frequency 
and  <oC(C  3  eBj/me  is  the  nonrelativistic  electron  cyclotron 
frequency. 

In  the  nonrelativistic  limit  the  electron  angular 
velocity  is  given  by  the  Larmor  frequency  and  the  fractional 
change  in  the  field  is 


where  we  have  defined  a  hybrid  Larmor  frequency 


f-~WeClLS. 


[14] 


- 


„2  j»2 

Aymjn, 


[101 


and  an  initial  hybrid  frequency  The  electric  field  is 


eEr  -  -ym,r 


rQ4Qj.«.( 

y  V 


-m,ry 


[H] 


The  last  term  in  the  above  equation  can  be  ignored  because  r 
and  y  vary  on  the  hybrid  time  scale.  The  electric  field  rises 
linearly  from  the  center  to  the  edge  of  the  plasma  column. 

If  there  is  no  initial  field,  [9]  is  an  harmonic 
oscillator  equation  at  tire  hybrid  frequency.  If  the  magnetic 
field  is  instantaneously  increased  from  zero  to  a  value  Bz, 
both  the  electrons  and  ions  accelerate  to  the  axis  in  a  time 
The  electric  field  induced  by  the  increasing 


Requiring  this  to  be  small  we  get 

(<B2,/c2)(-jr2)«l  115J 

which  places  an  upper  bound  on  the  product  of  the  density 
and  the  square  of  the  radius.  This  condition  is  written  to 
show  that  it  corresponds  to  having  the  magnetic  skin  depth 
c/cop  e  longer  than  the  radius  of  the  plasma.  For  example,  a 
plasma  density  of  1012  cm'3  results  in  c/(op>e  =  3  cm. 

B.  Lower  bound  on  charge  density  and  upper  bound  on  the 
magnetic  field 

The  assumption  of  quasineutrality  places  a  lower 
bound  on  the  plasma  density.  If  we  require  that 


(n, -/»,)/ n,  « 1  , 


[161 
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This  lower  bound  on  charge  density  has  the  effect  of  being 
an  tipper  bound  on  the  applied  magnetic  field. 


C.  Combined  limits 

The  greatest  electric  fiqid  is  created  by  operating  at 
the  upper  bound  on  density  and  the  upper  bound  on  magnetic 
field.  We  estimate  the  maximum  field  by  setting  2©M3  * 
•w3  to  approximate  the  upper  bound  set  by  (171,  by  setting 
ciip^2  -  2c?/!3  to  approximate  the  upper  bound  set  by  (IS), 
and  obtain  from  (11] 


eEr  =  jY *^ym,/ta^=YW.c2  Ir  .  (18J 

This  places  an  upper  bound  on  the  electrostatic  potential  at 
the  surfisce  of  e+  -  ym.c3.  Thus  the  peak  potential  must  be 
kept  below  O.S  MV  to  avoid  violating  the  assumptions  of  the 
derivations. 

IV.  APPLICATIONS 

In  a  lens  of  radius  2  cm,  fbr  example,  it  should  be 
possible  to  create  a  potential  of  0.2  MV  which  corresponds  to 
a  focusing  field  of  10  MV/m.  The  focusing  electric  field  has 
the  same  radial  force  on  relativistic  particles  as  a  magnetic 
field  of  strength  E/c  =  0.03  T.  This  is  less  than  the  field 
available  from  magnetic  quadruples  thus  there  is  no 
advantage  in  the  lens  for  relativistic  particles.  For  particles 
below  about  0.03  c,  the  radial  force  is  greater  than  can  be 
obtained  in  quadrupoles  and  there  may  be  an  advantage  in 
the  electrostatic  lens. 

A  prototype  device  with  a  plasma  of  radius  3  cm 
and  a  de»*  ;ty  of  1011  cm*3  will  satisfy  the  upper  bound  on 


density.  The  upper  bound  on  magnetic  field  is  satisfied  by  a 
field  of  500  G.  The  hybrid  Larmor  period  for  a  plasma  with 
barium  ions  is  161  nsec/rad.  The  magnetic  field  should  rise 
to  a  constant  value  in  a  time  shorter  than  this  period.  The 
period  fbr  a  hydrogen  plasma  is  much  less  and  a  magnetic 
field  with  sufficient  risetime  would  be  difficult  to  create.  If 
the  plasma  radius  is  increased  to  30  cm,  the  maximum 
density  falls  to  109  cm*3,  the  maximum  field  Mis  to  30  G, 
and  toe  hybrid  period  for  a  deuterium  plasma  is  139 
nsec/rad. 

As  a  radial  accelerator,  the  lens  may  have  promise 
as  a  source  of  fusion  neutrons  due  to  the  line  focus  of  the 
accelerated  ions.  The  energy  which  can  be  imparted  to 
deuterium  or  tritium  ions  is  of  the  order  of  0.3  MeV  which  is 
well  above  the  threshold  for  fusion  reactions.  For  this 
application  it  may  be  advantageous  to  locate  a  solid 
cylindrical  target  on  axis.  If  an  initial  field  is  used  to 
confine  the  plasma,  this  target  should  have  a  radius 
corresponding  to  the  radius  where  the  ion  energy  is 
nxvimiwl  The  fusion  yield  without  a  target  depends  upon 
the  minimum  radius  to  which  the  plasma  is  compressed.  In 
the  case  of  no  initial  field,  the  minimum  radius  is 
determined  by  the  initial  angular  momentum  from  toe 
thermal  motion  of  the  ions  and  electrons. 
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Abstract 

We  present  a  progress  report  on  a  program  to  develop  a 
high-power  X-band  magnicoo  amplifier  for  linear  accelerator 
applications.  The  goal  of  the  program  is  to  generate  50  MW 
at  1 1 .4  GHz,  using  a  200  A,  500  keV  election  beam  produced 
by  a  cold-cathode  diode  on  die  NRL  Long-Pulse  Accelerator 
Facility.  The  initial  experiment,  designed  to  study  the  gain 
from  the  first  (driven)  deflection  cavity  to  a  second  (passive) 
deflection  cavity,  has  been  completed.  A  gain  of  -15  dB  has 
been  observed  in  the  preferred  circular  polarization,  at  a  fre¬ 
quency  shift  of  approximately  -0.18%,  in  good  agreement 
with  theory  and  simulation.  In  addition,  a  design  study  for  a 
complete  magnicoo  circuit  is  under  way. 

I.  INTRODUCTION 

The  magnicoo,1-3  a  “scanning  beam”  microwave  ampli¬ 
fier  tube  related  to  the  gyrocon,4  is  a  potential  replacement 
for  the  klystron  for  powering  future  high-gradient  linear  ac¬ 
celerators.  Scanning  beam  devices  modulate  the  insertion 
point  of  the  electron  beam  into  the  output  cavity  in  synchro¬ 
nism  with  die  phase  of  a  rotating  if  wave.  This  synchronism 
creates  the  potential  for  an  extremely  efficient  interaction  in 
the  output  cavity,  since  every  electron  will  in  principle  expe¬ 
rience  identical  decelerating  if  fields.  In  die  magnicoo,  the 
output  interaction  is  gyrotron-tike,  and  requires  a  beam  with 
substantial  transverse  momentum  about  the  applied  axial 
magnetic  field.  The  transverse  momentum  is  produced  by 
spinning  up  the  electron  beam  in  a  sequence  of  TMno  deflec¬ 
tion  cavities,  the  first  of  them  driven  by  an  external  if  source. 
The  output  cavity  employs  an  rf  mode  that  rotates  at  the  same 
frequency  as  the  deflection  cavity  mode.  As  a  result,  the  beam 
entering  the  output  cavity  is  fully  phase  modulated  with 
respect  to  the  output  cavity  mode.  The  optimum  magnetic 
field  in  the  deflection  cavities  is  approximately  twice  the 
cyclotron  resonant  value  at  the  drive  frequency.  On  the  other 
hand,  the  output  cavity  operates  as  a  first  harmonic  cyclotron 
device.  These  two  constraints  lead  naturally  to  the  design  of 
a  second-harmonic  amplifier,  in  which  the  output  cavity  oper¬ 
ates  at  twice  the  frequency  of  the  deflection  cavities  and  em¬ 
ploys  a  TM210  mode.  The  overall  design  concept  is  shown  in 
Fig.  1.  This  circuit  will  include  a  drive  cavity,  two  simple 
half-wavelength  deflection  cavities,  a  two-section  penulti¬ 
mate  cavity,  and  an  output  cavity. 

*  Work  supported  by  U.S.  DOE  and  ONR. 


In  this  paper,  we  discuss  a  preliminary  experiment, 
employing  only  two  5.7  GHz  deflection  cavities,  the  first 
driven  by  an  external  source.  We  have  performed  parametric 
studies  of  the  gain  between  these  two  cavities,  preparatory  to 
the  design  of  a  complete  deflection  system  that  will  spin  up 
an  electron  beam  to  high  a  for  injection  into  an  1 1.4  GHz 
output  cavity.  Here,  a  is  the  ratio  of  perpendicular  to  paral¬ 
lel  velocity. 
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Figure  1.  NRL  magnkon  design  concept 

II.  APPARATUS 


This  experiment  was  carried  out  on  the  NRL  Long-Pulse 
Accelerator  Facility .3  It  employed  a  field-emission  diode 
[see  Fig.  2],  designed  with  a  flat  magnetic  field  of  1.7  kG  in 
the  anode-cathode  gap,  followed  by  adiabatic  compression  to  a 
final  magnetic  field  of  8.1  kG,  to  generate  a  500  keV,  ~200  A, 
5.5  mm  diam  solid  electron  beam  with  low  initial  transverse 
momentum.  Simulation  results  using  a  version  of  the  Stan¬ 
ford  Electron  Optics  Code**  suggest  a  mean  a~0.03.  This 
beam  was  used  to  powe?  a  two-cavity  amplifier  experiment 
The  two  cavities  are  of  identical  pillbox  design,  with  3.20  cm 
radius  and  1265  cm  length.  The  length  was  chosen  so  that  the 
transit  time  of  a  500  keV  electron  equals  half  of  an  rf  period. 
They  are  separated  by  a  1 -cm -diam  drift  space  1.132  cm  long. 
This  length  is  approximately  half  of  an  electron  gyroperiod. 
The  cavities  were  fabricated  from  stainless  steel,  to  permit 
the  penetration  of  pulsed  magnetic  fields,  with  a  copper  coat¬ 
ing  on  the  interior  surfaces  to  decrease  the  ohmic  losses.  Each 
has  four  coupling  pins  spaced  at  90°  intervals  in  one  end-wall. 
Two  adjacent  “coupling”  pins  are  “long,”  for  use  in  driving 
the  two  linear  polarizations  of  the  cavity,  and  the  remaining 
two  “sampling”  pins  are  “short,”  in  order  to  measure  the 
cavity  fields  without  significantly  loading  the  cavity.  The 
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first  cavity  was  driven  in  a  circularly -polarized  TMj  jq  mode 
by  a  C-band  magnetroo  at  -5.7  GHz.  Circular  polarizatkm 
was  generated  by  driving  the  two  coupling  pins  with  a  sc/2 
phase  difference  using  a  3  dB  hybrid  coupler.  In  the  second 
(gain)  cavity,  the  two  sampling  pins  led  to  matched  loads, 
while  the  two  coupling  pins  were  connected  through  coaxial 
attenuators  to  crystal  detectors. 


Figure  2.  Schematic  of  the  two-cavity  experiment. 

The  cavities,  their  pickups,  and  all  other  microwave  com¬ 
ponents  were  fully  calibrated  using  a  microwave  scalar  net¬ 
work  analyzer.  Five  microwave  signals  were  monitored  cm 
each  experimental  discharge,  including  the  magnetron  signal, 
signals  from  each  linearly  polarized  sampling  pin  of  the  first 
cavity,  mid  signals  from  each  coupling  pin  of  the  second  cav¬ 
ity.  In  addition,  a  balanced  mixer  was  used  to  combine  the 
first  cavity  signal  with  the  signal  from  a  separate  local  oscil¬ 
lator  tuned  as  closely  as  possible  to  the  operating  frequency 
of  the  magnetron.  This  “mixed”  signal  was  used  to  set  the 
exact  magnetron  frequency  (using  a  mechanical  tuner),  to 
adjust  the  magnetron  voltage  to  avoid  excessive  frequency 
chirp,  and  to  guard  against  frequency  drift  In  addition,  phase 
or  frequency  shifts  due  to  the  effects  of  the  beam  on  the  drive 
cavity  could  be  observed. 

HI.  MAGNICON  THEORY  AND  SIMULATION 

The  linear  theory  of  the  magnetized  deflection  cavities 
was  first  presented  by  Karliner,  et  aUP  and  is  developed  in 
detail  by  Hafizi,  et  alP  The  linear  theory  has  been  evaluated 
for  a  single  on-axis  electron,  with  no  initial  transverse 
momentum,  and  without  finite  beam  radius  and  finite  veloc¬ 
ity  spreads.  Furthermore,  it  assumes  that  the  electron  energy 
is  not  changed  by  transit  through  the  deflection  cavities.  In 
order  to  consider  the  use  of  more  realistic  beam  parameters,  a 
numerical  simulation  code  for  the  deflection  cavities  was 
developed.7  It  is  a  self-consistent  steady-state  code  that 
propagates  particles  through  the  Thing  fields  of  the  first 
(driven)  deflection  cavity,  through  a  drift  space,  and  then 
through  successive  deflection  cavities  and  drift  spaces.  The  rf 
field  amplitudes  are  made  (by  iteration)  self-consistent  with 
the  finite  value  of  cavity  Q  and  with  the  energy  lost  by  the 
electron  beam  in  transit  through  each  cavity.  The  rf  phase  in 
each  of  the  passive  cavities  is  assumed  to  be  the  optimum 
phase  to  extract  electron  beam  energy  from  an  initially  on- 


axis  election,  since  this  should  be  a  good  approximation  to 
the  phase  that  is  driven  by  a  finite  electroo  beam. 

IV.  EXPERIMENTAL  RESULTS 

The  response  of  the  first  cavity,  and  the  gain  of  the  second 
cavity  were  measured  as  a  function  of  frequency  in  each  circu¬ 
lar  polarization  of  the  TM  no  mode.  The  measurements  were 
carried  out  at  500  keV,  with  a  beam  current  of  -170  A,  and  a 
magnetic  field  of  8. 1  kG.  This  magnetic  field  corresponds  to 
the  theoretical  value  at  which,  for  the  preferred  circular 
polarization  (which  corresponds  to  electron  gyromotion  in 
the  same  sense  as  the  rotation  of  the  mode),  the  beam  does  not 
load  the  cavity  Q. 

The  predicted  and  measured  response  of  the  first  cavity  as 
a  function  of  frequency  in  the  preferred  circular  polarization 
are  shown  in  Fig.  3.  Simultaneous  measurements  are  made  at 
the  cavity  sampling  pins  in  each  linear  polarization  of  the  cav¬ 
ity.  The  data  are  normalized  to  the  calculated  signal  level 
from  the  cavity  at  constant  magnetron  drive  power  at  the  cen¬ 
ter  of  the  cold  cavity  resonance  in  the  absence  of  the  electron 
beam.  This  normalization  is  based  on  cold  tests  of  all  com¬ 
ponents  of  the  system.  Theory  predicts  that  the  center  of  the 
resonance  will  be  shifted  by  -0.18%,  and  that  the  beam  load¬ 
ing  should  be  very  close  to  zero.  This  is  indicated  by  a  curve 
whose  height  is  normalized  to  one,  and  whose  width  is  con¬ 
sistent  with  Q  -1100,  the  value  measured  in  the  absence  of 
the  beam.  The  experimental  center  frequency  and  resonance 
width  are  in  good  agreement  with  theory.  In  addition,  while 
the  experimental  data  for  the  two  linear  polarizations  con¬ 
sistently  differ  by  -3  dB,  perhaps  due  to  cumulative  calibra¬ 
tion  errors,  the  two  data  sets  bracket  the  theoretical  curve. 


°5.65  5.66  5.67  5.68  5.69  5.70 


Frequency  [GHz] 

Figure  3.  Response  of  the  drive  cavity  in  the  preferred  circu¬ 
lar  polarization — theory  and  experiment. 

The  predicted  and  measured  gain  of  the  second  cavity  in 
the  preferred  circular  polarization  are  shown  in  Fig.  4. 
Theory  predicts  a  gain  of  -15  dB,  with  the  resonance  shifted 
by  -0.18%  from  the  cold  frequency  of  the  second  cavity.  The 
experimental  gain  measurements  are  in  good  agreement  with 
the  theoretical  curve  in  amplitude,  center  frequency,  and 
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bandwidth.  However,  there  is  a  persistent  unbalance  in  the 
two  linear  polarizations,  which  may  be  in  part  calibration 
error,  but  also  may  reflect  a  true  asymmetry  in  the  cavity 
excitation  (elliptical  polarization),  perhaps  due  to  a  small 
misalignment  of  the  electron  beam,  or  some  asymmetry  in  the 
mode  of  the  drive  cavity. 


Figure  4.  Two-cavity  gain  in  the  preferred  circular 
polarization — theory  and  experiment. 

V.  DISCUSSION 

The  overall  purpose  of  a  complete  set  of  tnagnicon  de¬ 
flection  cavities  is  to  coherently  spin  up  an  electron  beam  to 
high  a  for  injection  into  an  output  cavity.  With  this  goal  in 
mind,  the  present  experiment  was  designed  to  measure  the 
gain  between  a  driven  and  a  passive  deflection  cavity,  which 
could  constitute  the  first  section  of  a  complete  deflection 
system.  In  this  two-cavity  experiment,  high  gain  (-15  dB) 
was  observed  in  the  preferred  circular  polarization,  in  good 
agreement  with  the  predictions  of  theory.8  However,  one 
should  note  that  the  present  experiment  was  carried  out  at 
very  low  signal  levels,  in  order  to  eliminate  the  possibility 
of  multipactor  or  breakdown  phenomena  interfering  with  the 
basic  gain  measurement.  Under  these  conditions,  the  result¬ 
ing  coherent  beam  a  should  be  quite  small  (50.01).  This  is 
less  than  the  initial  random  a  produced  by  the  diode. 

In  future  experiments,  higher  drive  powers  and  addi¬ 
tional  deflection  cavities  will  be  employed,  in  order  to 
achieve  a  final  a  ?  1.  An  important  requirement  in  those  ex¬ 
periments  will  be  the  suppression  of  multipactor  and  break¬ 
down  effects  through  a  combination  of  improved  cavity 
design  and  unproved  vacuum  techniques.  The  effect  of  initial 


electron  radial  and  velocity  spreads  on  the  gain  measured  in 
the  present  experiment  is  predicted  to  be  quite  small.  Never¬ 
theless,  such  spreads  may  have  a  large  effect  on  the  quality  of 
the  final  high  a  electron  beam  generated  by  a  full  sequence  of 
deflection  cavities,  resulting  in  a  lowering  of  the  efficiency 
of  the  output  cavity  interaction.9  In  this  regard,  the  real  test 
of  the  final  multicavity  deflection  system  will  be  to  produce 
a  high  a  electron  beam,  while  minimizing  the  spread  in 
energy,  a  ,  and  gyrophase.  A  design  study  for  a  complete 
magnicon  circuit  is  under  way. 
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Abstract  -  In  the  output  cavity  of  a  frequency- 
doubling  magnicon  amplifier  the  electrons  interact 
with  a  rotating  TMjio  mode  via  a  gyro-resonant 
mechanism.  lie  efficiency  of  a  magnicon  may  be 
extremely  high  since  the  electrons  enter  the  output 
cavity  almost  completely  phase-bunched  and  rotate 
in  synchronism  with  the  rf  wave.  Results  from  time- 
dependent  simulation  of  the  electron  beam-circuit  in¬ 
teraction  of  a  magnicon  operating  at  X-band  are  pre¬ 
sented.  Efficient  (>  50%),  accessible  and  stable  op¬ 
eration  of  an  amplifier  employing  an  electron  beam 
with  a  =  t;x/vxo  =  1,  where  «x  and  are  the  veloc¬ 
ity  components  transverse  to  and  along  the  z  axis,  is 
demonstrated. 


I.  Introduction 

The  magnicon1-*  is  an  advanced  version  of  the 
gyrocon*  and  employs  a  scanning  beam  that  is  ob¬ 
tained  by  the  passage  of  a  magnetized  pencil  beam 
from  the  electron  gun  through  a  deflection  system. 
The  deflection  system  consists  of  an  input  cavity  and 
one  or  more  passive  cavities,  separated  by  drift  tubes, 
with  the  entire  system  immersed  in  an  axial  magnetic 
field,  Bo.  The  cavities  support  a  rotating  TMno  mode 
with  a  frequency  that  is  ~  1/2  the  gyrofrequency, 
Ueo  =  \e\Bohomc.  Here,  e  is  the  charge  and  m  is 
the  mass  of  an  electron,  70  is  the  relativistic  factor, 
and  e  is  the  vacuum  speed  of  light.  The  purpose  of  the 
deflection  system  is  to  spin  the  beam  to  high  trans¬ 
verse  momentum;  i.e.,  a  =  vx/vxo  >  1.  Here,  «x 
and  Vgo  are  the  velocity  components  transverse  to  and 
along  the  z  axis.  After  passing  through  the  deflection 
system,  the  beam  transverse  momentum  is  used  to 
drive  a  gyrotron-like  interaction  in  the  output  cav¬ 
ity.  The  entry  point-  of  the  electrons  in  the  output 
cavity  rotates  in  space  about  the  cavity  cuds  at  the 
drive  frequency.  In  the  frequency-doubling  version, 
the  output  cavity  supports  a  rotating  TM310  mode 

1  Supported  by  DoE  k  ONR 


with  frequency  u>  ~  utgo,  which  is  twice  the  drive  fre¬ 
quency.  Since  the  electrons  entering  the  output  cav¬ 
ity  are  almost  completely  phase-bunched  and  rotate 
in  synchronism  with  the  TM310  wave,  the  transverse 
efficiency  may  be  extremely  high. 


II.  Time-Dependent  Simulation 

The  time;  dependent  simulation  results  presented 
here  are  obtained  from  the  full  set  of  Maxwell- Lorentz 
equations,  following  the  motion  of  a  single  electron 
through  the  cavity  and  studying  the  build-up  of  the 
rf  field  over  a  much  longer  time  scale.  In  Ref.  7  we 
present  a  detailed  analytical  and  numerical  study  of 
the  output  cavity.  Based  on  single-electron,  steady- 
state  simulation  of  the  reduced  and  scaled  Maxwell- 
Lorentz  system  of  equations  we  have  identified  the 
regions  of  parameter  space  wherein  high-efficiency  op¬ 
eration  may  be  possible.  The  time-dependent  simu¬ 
lation  results  herein  are  intended  to  demonstrate  the 
accessibility  and  stability  of  one  such  high-efficiency 
operating  mode  employing  a  beam  with  a  =  1. 

Table  1  lists  the  parameters  for  the  simulation  with 
initial  beam  a  =  1,  the  cold  cavity  frequency  being 
11.424  GHz.  Figures  1(a),  (b),  and  (c)  show  plots 
of  the  electric  field  amplitude,  |E0|,  the  rf  phase,  /3, 
and  the  efficiency  of  energy  transfer  to  the  external 
circuit,  q,  as  functions  of  time.  Observe  that  the  sys¬ 
tem  settles  into  a  steady  state  after  a  transient  that 
lasts  «  60  ns.  Figure  1(a)  shows  that  the  electric  field 
builds  up  to  about  305  kV/cm,  Fig.  1(b)  shows  that 
the  rf  phase  settles  to  an  asymptotic  value  of  1.1  rad, 
and  Fig.  1(c)  shows  the  final  efficiency  in  this  field  is 
about  52  %. 

Figures  2  (a),  (b),  and  (c)  show  plots  of  the  axial 
momentum  normalized  to  its  initial  value,  Pt/Pzo,  ef¬ 
ficiency,  and  a  for  an  electron  traversing  the  output 
cavity  in  the  final  steady-state  field.  The  modulation 
of  the  electron  momentum  is  seen  to  be  correlated 
with  the  modulation  on  the  efficiency  curve.  The 
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scale-length  for  the  modulation  is  «  2xvl0/u>.  The 
length,  X,  of  the  cavity  has  been  chosen  to  be  4.75  cm 
so  that,  on  exiting  the  cavity,  the  axial  momentum 
is  a  minimum,  and  therefore  the  efficiency  is  a  maxi¬ 
mum.  hi  this  sense,  the  optimal  length  for  the  output 
cavity  is  »  Timv^o/u,  where  n  is  an  integer.  Figure 
2(c)  shows  that  the  value  of  a  declines  as  the  electron 
spins  down  on  traversing  the  cavity. 


Table  1 


Frequency  u>/2ir 

11.43 

GHz 

Voltage 

500 

kV 

Current 

180.1 

A 

Cavity  Radius 

2.145 

cm 

Cavity  Length  X 

4.75 

rm 

Cavity  Quality  Factor 

200 

Beam  a 

1 

Magnetic  Field  Bo 

6.455 

kG  | 

Detuning  (u>  -  )L/vt0 

3.776 

Frequency  Shift  Aw/2x 

6 

MHz  | 

Table  1:  Parameters  for  time-dependent  simula¬ 
tion  of  an  X-band  magnicon  amplifier  out¬ 
put  cavity.  Initial  beam  a  —  1. 


III.  Conclusions 

In  conclusion,  we  may  summarise  the  single-electron 
simulation  results  as  follows.  First,  as  indicated  in 
Figs.  2,  for  an  ideal  beam,  it  is  possible  to  choose  the 
cavity  length  so  as  to  convert  not  only  the  transverse 
momentum  but  also  part  of  the  axial  momentum  into 
rf  field  energy.  Second,  based  on  the  run  made  with 
the  time-dependent  code,  we  have  found  a  final  state 
that  is  accessible  and  stable  to  an  amplifier  in  which 
the  signal  in  the  output  cavity  builds  up  from  noise. 
Third,  an  efficient  (>  50%)  final  state  with  a  =  1  is 
achievable. 

Multi-electron  steady-state  simulation  using  the  pa¬ 
rameters  in  Table  1  indicate  that  the  efficiency  is  sen¬ 
sitive  to  a  spread  in  the  beam  parameters,  declining 
by  «  10%  as  the  beam  a  spread  increases  from  0-40%, 
or  the  beam  radius  spread  increases  from  0-60%,  or 
the  energy  spread  increases  from  0-3%. 7 


t  (ns) 


Figure  1:  Results  from  single-electron,  time- 
dependent  simulation  of  X-band  magnicon 
with  initial  beam  a  =  1  and  detuning 
A  =  3.776.  (a)  Electric  field  amplitude, 
|£o|;  (b)  RF  phase,  0;  (c)  Efficiency,  i j.  Ab¬ 
scissa  is  time. 
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Figure  2:  Results  from  single-electron,  time- 
dependent  simulation  of  X-band  magnicon 
with  initial  beam  a  =  1  and  detuning 
A  =  3.776.  (a)  Axial  kinetic  momentum 
normalized  to  initial  value,  pz/px 0;  (b)  Ef¬ 
ficiency,  rj;  (c)  a.  Abscissa  is  distance  along 
cavity.  These  plots  correspond  to  motion  of 
an  electron  through  cavity  in  final  steady 
state. 
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G.Serdobintsev,  M.Tiunov,  V.Yakovlev,  I.Zapryagaev. 

Budker  Institute  of  Nuclear  Physics, 

630090,  Novosibirsk,  Russia. 


I.  GENERAL 

Magnicon  [1,2]  belongs  to  the  class  of  high  power  RF 
sources,  where  a  modulation  is  provided  by  the  beam  circular 
deflection  and  it  is  an  advanced  version  of  a  gyrocon  [3]. 

The  first  magnicon  has  been  built  and  tested  in  Novosibirsk 
in  the  middle  of  80-ths. 

The  power  of  2.6  MW  has  been  obtained  for  the  frequency 
915  MHz  and  pulse  duration  30  mcsec,  the  electron  efficiency 
has  been  85%  [1]. 

Good  results  obtained  during  investigations  show  that  the 
magnicon  can  be  an  adequate  RF  source  for  the  next  genera¬ 
tion  of  accelerators,  especially  for  future  linear  colliders  [4] 
and  accelerators  for  transmutation  of  nuclear  waste  [5]. 

The  magnicon  conception  described  in  present  paper  al¬ 
lows  to  increase  significantly  the  beam  perveance,  compared 
with  the  first  magnicon,  and  to  achieve  the  pulse  power  of  tens 
and  hundreds  megawatts  at  the  beam  voltage  not  greater  than 
400-600  kV.  The  device  is  an  amplifier  working  in  frequency 
doubling  mode  [2,6]  and  is  a  prototype  of  RF  source  for  linear 
coliiders  with  high  acceleration  gradient. 

Magnicon  is  designed  for  an  output  power  of  50  MW,  an 
operating  frequency  of  7  GHz  and  a  pulse  duration  of  2  mcsec. 

II.  MAGNICON  DESIGN 

The  magnicon  sketch  is  shown  in  Fig  1.  The  beam  source 
is  the  diode  gun  1  with  oxide  cathode  of  120  mm  diameter.  The 
voltage  pulse  from  a  step  -  up  transformer  is  applied  to  the 
gun.  The  main  feature  of  the  gun  is  a  high  degree  of  a  beam 
transverse  area  compression  (over  1500).  The  step  -  up  trans¬ 
former  is  placed  in  the  tank  with  SF6  under  pressure  of  4 
atmospheres. 

The  pulse  voltage  source  of  the  step  -  up  transformer  is  a 
modulator  based  on  Blumlein  PFN. 

The  beam  from  electron  gun  pass  the  resonance  system, 
which  consists  of  a  beam  circular  deflecting  system  and  an 
output  cavity.  Beam  deflecting  in  the  drive  cavity  3  and  in  two 
passive  cavities  4,5  is  provided  by  transverse  magnetic  field  of 
the  TM110  wave  travelling  in  azimuthal  direction  (see  Fig  1). 
The  cavities  are  placed  into  biasing  magnetic  field  that  is 
excited  by  coils  6. 

Drive  cavity  3  that  is  excited  by  external  generator  provides 
a  small  angle  of  the  beam  deflection.  Further  increase  of  the 


1 


Figure  1.  Sketch  of  the  magnicon. 

1  -  electron  gun;  2  -  gate  vacuum  valve;  3  -  drive  cavity; 
4  -  passive  deflection  cavity,  5  -  penultimate  cavity, 

6  -  solenoid;  7  output  cavity;  8  -  collector; 

9  -  pole  piece;  10  -  vacuum  chamber;  11  -  flange; 

12  -  vacuum  pump. 


deflection  angle  up  to  50-60  deg  is  provided  in  passive  cavities 
exited  by  a  predeflected  beam. 

A  cylindrical  output  cavity  7  with  the  TM210  wave  (Fig.l) 
travelling  in  azimuthal  direction  is  used  to  convert  the  beam 
energy  to  RF  one.  The  eigen  frequency  of  the  output  cavity  is 
twice  greater  than  deflection  one  [6].  This  cavity  is  placed  into 
biasing  magnetic  field  too,  the  field  value  is  determined  by  the 
conditions  which  are  necessary  to  achieve  an  effective  long 
term  interaction  of  the  electron  beam  with  RF-field  [1,2].  The 
RF  power  extraction  is  provided  by  two  similar  slots  in  side 
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cavity  wall,  which  are  shifted  on  135  deg  in  azimuthal  direction 
to  support  the  wave  travelling  in  azimuthal  direction. 

The  RF  system  is  made  of  separate  cooper  parts  which  are 
assembled  by  indium  gaskets.  A  collector  is  made  of  cooper, 
is  cooled  by  water  too  and  is  insulated  for  current  measure¬ 
ments. 


III.  CHALLENGES 

1.  Because  the  electric  field  in  output  cavity  of  magnicon  is 
considerably  small  [1,2],  the  main  problem  with  electric 
breakdown  takes  place  in  the  last  deflecting  (penultimate) 
cavity,  where  the  main  beam  deflection  is  produced.  In 
described  magnicon  design  unlike  the  classic  design  [1,2]  the 
relevant  deflection  angle  (that  is  about  50-60  deg)  is  achieved 
in  the  last  passive  cavity.  Here,  if  a  single  cavity  would  be  used 
as  a  last  deflecting  one,  the  surface  electric  Held  will  exceed 
reasonable  values.  To  overcome  this  problem  two  means  are 
used  in  present  design. 

First,  because  the  output  frequency  is  twice  higher  than 
the  deflecting  one,  the  gaps  of  deflecting  cavities  are  two  times 
greater  than  for  a  magnicon  working  as  an  amplifier. 

Second,  the  penultimate  cavity  5  (see  Fig.l)  consists  of  a 
pair  of  coupled  cavities,  which  are  excited  by  a  predeflected 
beam  in  a  counterphase  mode.  Thus,  a  "deflection  angle  ad¬ 
dition"  mode,  or  a  long  term  interaction  between  the  beam  and 
deflecting  RF  field  is  realized  [6], 

These  means  allow  to  decrease  the  maximal  surface 
electric  field  to  the  value  200  kV/cm  (approximately  the  same 
as  in  the  output  cavity). 

2.  Some  more  problems  appear  because  of  necessity  to  have 
a  large  deflection  angle  in  the  beam  deflecting  system.  In  this 
case  it  is  necessary  to  have  large  beam  holes  in  the  walls  of 
cavities  (the  holes  diameter  must  be  about  four  Larmore 
radii).  This  holes  produce  perturbation  of  RF  field 
distribution,  mainly,  near  the  holes  there  appears  the  large 
transverse  electric  field.  In  Fig.2  a  fringing  field  distribution 
near  the  beam  holes  for  penultimate  cavity  is  shown.  (Note 


Figure  2.  Transverse  electric  field  distribution 
along  the  axis  of  penultimate  cavity. 


that  the  surface  electric  field  of  the  penultimate  cavity  is 
determined  by  these  fringing  fields.)  The  action  of  fringing 
field  on  beam  dynamics  produces  two  problems. 

First,  these  fields  produce  beam  energy  and  angle  spreads, 
which  lead  to  the  efficiency  drop  when  the  beam  diameter 
increases.  Simulated  picture  of  behavior  of  electrons  in 
process  of  deflecting  and  deceleration  is  shown  in  Fig.3  for 
initial  beam  diameter  of  2.5  mm.  Thus,  to  obtain  high  efficien¬ 
cy  it  is  necessary  to  use  the  beam  with  the  minimal  initial 
diameter,  Le.,  with  the  diameter  close  to  Brilluin  one.  To 
overcome  this  problem  a  special  electron  optics  system  has 
been  developed  [7]. 
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Figure  3.  Beam  behaviour  in  process  of  deflection 
and  deceleration.  R  •  radii,  U  -  energies  of  the  beam 
particles. 

Second,  transverse  fringing  fields  decelerate  electrons,  i.e. 
near  the  beam  holes  electrons  of  the  beam  transfer  their 
energy  to  the  RF  field.  For  the  beam  current  of  hundreds 
Ampers,  it  can  lead  to  an  instability,  which  is  specific  for 
magnicon.  This  instability  is  realized  as  self  -  excitation  of  a 
single  cavity  on  the  operating  RF  mode,  without  any  external 
feedback.  For  coupled  cavities  the  current  threshold  is  lower 
than  for  a  single  cavity.  It  is  possible  to  overcome  this  problem 
using  a  special  cavity  geometry  and  a  biasing  field  distribution 
along  the  tube  axis.  In  particular,  decreasing  the  biasing  field 
near  penultimate  cavity  increases  beam  loading  of  this  cavity, 
decreasing  it’s  quality  factor  and  so  increasing  the  current 
threshold  of  the  instability  for  relevant  value.  Simultaneously, 
it  allows  to  reduce  a  quality  factor  of  other  deflecting  cavities 
to  obtain  compromise  between  gain  and  a  bandwidth. 

3.  For  coupled  cavities  there  may  be  a  klystron-like  instability, 
i.e.  instability  with  the  frequency  lower  than  operating  one  (on 
the  mode  TM010).  In  the  first  design  version  of  the  present 
magnicon  three  strongly  coupled  cavities  have  been  used  as 
the  penultimate  cavity.  The  coupling  coefficient  was  about 


2651 


20%  (2,6].  This  cavity  was  sclfexcited  on  the  frequency  2.6 
GHz  when  the  current  reached  SO  A.  It  corresponds  to  the  itfl 
mode,  which  has  a  minimal  current  threshold  because  of  a 
large  bunching  distance.  In  present  design  this  problem  is 
solved  by  using  two  coupled  cavities  with  small  coupling 
(coupling  coefficient  is  0.5%  for  TM010).  Besides,  the  relative 
difference  of  TM010  mode  eigen  frequencies  for  those  cavities 
is  greater  then  coupling  value. 

IV.  EXPERIMENT 

1.  At  the  first  stage  of  the  experiment  the  electron  gun  was 
tested.  While  testing  the  following  data  were  obtained:  power 
P  =  100MW  at  U  =  430  kV  and  microperveance  0.82,  pulse 
width  2  mcsec  and  the  repetition  rate  up  to  5  pps. 

The  beam  diameter,  measured  with  the  help  of  special 
movable  graphite  diaphragms  [8]  is  less  than  3  mm  (i.e.  area 
compression  ration  exceeds  1500:1  and  energy  density  is  5 
kj/cm2). 

The  main  problem  arising  in  the  process  of  investigation 
were  caused  by  the  last  passive  cavity.  A  few  different  version 
of  this  cavity  had  been  examined  (with  three  and  two  coupled 
cavities)  before  succeeded  to  do  away  with  selfexdtation  of 
both,  klystron-like  and  operating  mode  TM110. 

2.  For  the  time  being  the  very  initial  test  of  the  magnicon  have 
been  carried  out.  The  parameters  obtained  are  listed  in  Table 
1.  Figure  4  presents  the  oscillogram  of  the  output  pulse. 


Table  I. 


Frequency, GHz 

7 

Power, MW 

20 

Pulse  width.mcsec 

1.1 

Efficiency,% 

25 

Repetition  rate,pps 

2 

Drive  frequency, GHz 

33 

Gain,dB 

47 

Beam  voltage, kV 

400 

Beam  current^ 

200 

This  tests  have  been  started  only  a  month  before  this 

conference.  The  tube  is  being  in  the  state  of  conditioning  and 

we  expect  to  get  beter  parameters  in  the  nearest  future. 

V.  REFERENCES 

[1]  Kar liner  M.M.  et  al.  The  Magnicon  -  an  Advanced  Version 
of  the  Gyrocon.  Nuclear  Instruments  and  Method  in  Physics 
Reseach,  1988,  vA269,  N3,  pp.459-473. 

[2]  O.A.Nezhevenko.  The  magnicon:  a  new  RF  power  source 
for  accelerators.  IEEE  Particle  Accelerator  Conference, 
San-Francisco,  pp.2933-2942, 1991. 

[3]  G.LBudker  et  al.  Particle  Accelerators,  v.10, pp.41-59, 1979. 

[4]  R.Siemann.  Overview  of  linear  Collider  Designs.  This 
Conference. 

[5]  G.P. Lawrence.  High-Power  Proton  Linac  for  Transmuting 
The  Long-Lived  Fussion  Products  in  Nuclear  Waste. 
IEEE  Particle  Accelerator  Conference,  San  Francisco, 
pp.2598-2600,1991. 

[6]  V.E.Akimov  et  al.High-Power  X-Band  Puls  Magnicon. 
European  Particle  Accelerator  Conference,  Nice,  VoLl 
pp.1000-1002,1990. 

[7]  Y.B.Baryshev  et  al.  Electron  Optic  System  for  Forming  100 
MW  Beam  with  High  Current  Density  and  Microsecond 
Pulse  Duration  for  X-Band  Magnicon.  Proc.  of  the  Eighth 
International  Conference  on  Higfi-Power  Particle  Beams, 
Novosibirsk,  Vol.l,p.598-603, 1990. 

[8]  Y.B.Baryshev  et  al.  Electron-Optical  System  for  the 
Formation  of  a  100  MW  Beam  with  High  Density  of 
Current  of  a  Microsecond  Duration  for  a  7  GHz 
Magnicon.  NIM  to  be  published. 


Figure  4.  Output  pulse  oscillogram. 
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Abstract 

We  investigate  theoretically  the  interaction  of  an  electron 
beam  with  a  TM  mode  in  the  presence  of  a  longitudinal 
wiggler.  The  electron  motion  is  longitudinal  and  radial 
therefore  adequate  for  interaction  with  the  electric  held 
components  of  the  mode.  There  are  two  facts  which  make 
this  device  unique:  firstly,  the  equations  which  describe  its 
dynamics  are  practically  identical  to  the  equations  of  the 
traveling  wave  tube(TWT)  rather  than  the  free  electron 
laser(FEL)  thus  its  sensitivity  to  beam  quality  is  signifi¬ 
cantly  lower,  and  the  efficiency  in  the  absence  of  tapering 
is  higher.  Secondly  the  interaction  is  possible  only  with 
an  annular  rather  than  a  pencil  beam  as  in  a  regular  FEL 

-  therefore  the  amount  of  current  it  is  possible  to  inject  is 
larger.  Optimal  operation  at  20.56 GHz  is  examined. 

I.  INTRODUCTION 

From  basic  electrodynamic  arguments  it  can  be  shown  [1] 
that  the  total  power  of  the  spontaneous  radiation  emitted 
by  a  charge  accelerated  parallel  to  its  velocity  is  larger  by 
72  than  that  obtained  if  the  acceleration  perpendicular 
to  the  velocity  •  assuming  the  same  acceleration  in  both 
cases.  With  regard  to  stimulated  (coherent)  process  the 
situation  is  similar.  In  order  to  illustrate  the  problem  we 
shall  briefly  consider  here  two  devices:  first  the  traveling 
wave  tube  (TWT)  where  the  interaction  of  the  electrons 
is  with  the  TM  mode  -  thus  the  acceleration  of  the  elec¬ 
tron  is  parallel  to  its  main  velocity  component.  The  other 
device  is  the  free  electron  laser  (FEL)  -  where  the  accel¬ 
eration  is  transverse  to  its  main  velocity  component. 

The  equations  which  describe  the  dynamics  of  both 
TWT  and  FEL  are  summarized  in  Table  I  -  the  details 
can  be  found  in  Refe.(2-3)  for  TWT’s  and  [4]  for  FEL’s. 
In  both  cases  a  is  the  normalized  amplitude  of  the  elec¬ 
tric  field,  t i  is  the  relativistic  factor  of  the  ith  electron, 
Xi  is  the  phase  of  the  ith  electron  relative  to  the  wave, 
a  is  the  coupling  coefficient,  Q  =  wd/c,  K  =  kd  is  the 
normalized  radiation  wavenumber  and  Kw  =  kwd  is  the 
normalized  wiggler  wavenumber;  d  is  the  total  length  of 
the  system.  The  coupling  coefficient  a  is  completely  dif¬ 
ferent  in  the  two  cases  but  for  the  present  purpose  the 
explicit  expressions  are  not  important.  Furthermore,  the 
amplitude  a  in  the  TWT  case  represents  the  longitudinal 
component  of  the  electric  field  whereas  in  the  FEL  it  rep¬ 
resents  the  transverse  field.  In  addition  we  present  the 
spatial  growth  rate.  The  major  difference  between  these 
two  sets  of  equations  is  the  factor  1/(7/?) 2  which  appears 
in  both  the  amplitude  and  particle  equations  of  the  FEL 

-  as  a  result  of  the  transverse  oscillation.  In  the  ampli¬ 
tude  equation  it  introduces  a  different  weighting  function 


to  the  phase  term  which  causes  a  significantly  different 
behavior  of  the  particles  relative  to  the  wave. 

Although  typically  an  FEL  requires  a  higher  quality 
beam  than  a  TWT,  its  inherent  advantage  of  a  very  sim¬ 
ple  (smooth  waveguide)  electromagnetic  structure  has  its 
own  appeal  -  in  particular  for  high  power  microwave  gen¬ 
eration  where  problems  of  breakdown  become  significant. 
It  was  exactly  this  issue  which  triggered  the  question  of 
whether  it  is  possible  to  force  the  electrons  to  oscillate  pri¬ 
marily  in  the  z  direction  by  means  of  a  magnetic  wiggler 
and  to  achieve  in  the  upper  range  of  microwave  frequen¬ 
cies  (10  —  30 GHz)  operation  similar  to  a  TWT  based  on  a 
slow  wave  structure.  Our  study  indicates  that  this  is  pos¬ 
sible.  The  wiggler  is  not  the  regular  wiggler  of  an  FEL 
but  a  set  of  periodic  magnetic  lens  -  or  practically  a  longi¬ 
tudinal  periodic  magnetic  field  which  has  zero  transverse 
component  on  axis  and  it  has  an  exponentially  growing 
radial  component  off  axis. 

The  interaction  in  this  kind  of  device  has  been  investi¬ 
gated  in  the  early  eighties  by  McMullin  and  Bekefi  [5-6]  in 
an  attempt  to  achieve  higher  frequencies  (300  —  400 GHz) 
than  in  regular  FEL’s  for  the  same  electrons  energy.  Some 
experimental  work  was  done  a  few  years  later  [7].  The 
present  approach  differs  from  theirs  in  four  aspects:  (1) 
we  consider  the  interaction  of  the  electrons  with  the  TM 
mode  rather  than  the  TEM  mode,  (2)  our  system  can 
operate  only  with  an  annular  beam  rather  than  a  pencil 
beam.  (3)  We  adopt  the  single  particle  equation  of  mo¬ 
tion  rather  than  the  fluid  approximation  to  describe  the 
electrons  dynamics.  (4)  The  frequency  range  which  has 
moti  nted  this  work  is  much  lower  (10  -  30 GHz)  than 
that  considered  in  the  past. 

II.  SYSTEM  DYNAMICS 

Let  us  consider  a  beam  of  electrons  injected  into  an 
uniform  pipe  of  radius  R  .  The  pipe  is  immersed  in  a 
magnetic  field  which  in  the  interior  of  the  pipe  is  given  by 

Br  (r,  z)  =  SBIi  ( kwr)sin(kw  z)  , 


B,(r,z)  =  Bo  +  SBI0(kwr)cos(kwz)  ;  (1) 

Bo  is  the  guiding  magnetic  field,  SB  is  the  amplitude  of 
the  undulator  on  axis  (r  =  0)  and  kw  =  2x/L  where  L  is 
the  spatial  periodicity  of  the  wiggler. 

Due  to  the  periodicity  of  the  magnetic  field  it  will 
be  natural  to  expect  that  the  motion  of  the  electrons  will 
follow  a  similar  periodicity.  Furthermore,  the  presence  of 
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Table  I:  The  equations  which  describe  a  TWT,  FEL  and  TM-FEL. 


the  magnetic  field  (and  in  particular  it’s  modulation)  will 
cause  the  electrons  to  gyrate.  If  we  now  assume  that  this 
gyration  is  much  faster  than  all  other  time  variations  i.e. 

>>  ckw,ckrai  ,  (2) 

then  the  effect  of  this  motion  on  the  TMoi  mode  averages 
out  to  zero.  Subject  to  this  condition,  the  trajectory  of 
the  electrons  can  be  approximately  described  by 

f  »  Ro  +  Rico8(kwz)  ;  (3) 

in  this  expression  we  ignored  higher  harmonics  contribu¬ 
tions.  The  equations  which  describe  the  dynamics  of  such 
a  system  (also  assuming  single  mode  operation)  are  pre¬ 
sented  in  the  third  column  of  Table  I.  The  filling  factor 
is 

fi  =  ^  fj  .  (4) 

If  the  beam  is  very  thin  such  that  the  variations  of  f(Ro) 
are  negligible,  then  the  form  factor  does  no  longer  de¬ 
pend  on  the  index  of  the  particle:  at  this  stage  one  can 
redefine:anew  =  a0«  *  /(Ho)  and  anew  =  <x0uf2(Ro). 
With  these  newly  defined  antities  the  equations  of  the 
TM  —  FEL  are  completely  identical  to  those  of  the  TWT. 

III.  SYSTEM  OPERATION 

Kinematics:  The  beam  line  intersects  the  electromagnetic 
mode  line  in  two  points.  For  a  given  geometry  and  velocity 
we  conclude  from  the  resonance  condition  that  there  could 
be  two  resonant  frequencies: 


subject  to  the  condition  7 (JkwR  >  p\.  At  the  limit 
y0kmR  =  pi  the  beam  line  intersects  the  EM  mode  line  in 
a  single  (tangent)  point.  In  the  present  study  the  radius 
of  the  pipe  is  taken  to  be  R  =  1.6cm  and  the  periodicity 
of  the  wiggler  is  L  —  2.0cm.  For  these  parameters  the 
energy  of  the  injected  electrons  has  to  be  at  least  55 keV 
in  order  to  have  at  least  one  resonant  frequency. 

Magnetic  Field:  The  ratio  between  the  amplitudes  of  the 
wiggler  is  taken  to  be  SB  =  0.107BO-  The  trajectory  of 
the  electrons  was  calculated  assuming  that  Bo  —  200 G. 
The  two  amplitudes  Ho  and  R\  of  the  electron  trajec¬ 
tory  are  correlated  for  a  given  magnetic  field.  Based  on 
this  correlation  we  have  numerically  calculated  f(Ro  = 
0.57  R)  =  0.14. 

Spatial  Growth  Rate  We  shall  now  use  the  analytic  ex¬ 
pression  for  the  spatial  growth  rate  presented  in  Table  I 
in  order  to  determine  the  optimal  regime  of  operation. 
In  Figs.l  and  2  we  present  the  frequency  and  the  growth 
rate  for  the  low  and  high  resonant  frequencies  respectively 
as  a  function  of  the  normalized  velocity  /?  =  V/c.  The 
coupling  as  a  function  of  the  initial  velocity  is  calculated 
assuming  a  20 0A  current  and  a  total  interaction  length 
of  d  =  30cm.  In  these  plots  we  defined  q±(dB/cm)  = 
q±  =  2QIog(eImWf± ^)/d.  The  large  peak  in  the  gain  of 
the  low  resonant  frequency  occurs  at  the  point  of  zero 
group  velocity.  Exactly  at  cutoff  our  approximations  are 
no  longer  valid  -  however  the  general  trend  of  opera¬ 
tion  with  low  group  velocities  in  order  to  achieve  high 
gain  has  been  identified  also  in  the  beam-wave  interac¬ 
tion  in  metallic  corrugated  waveguides  [8].  The  gain  per 
unit  length  for  electrons  of  energies  lower  than  1 27Jbe V 
is  less  than  0.5 dB/cm  therefore  it  is  not  attractive.  At 
about  the  same  energies  we  obtain  the  maximum  gain  per 
unit  length  for  the  high  resonant  frequency  waves.  The 
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corresponding  frequency  is  /+  =  20.8 6GHz  and  q+  = 
1.5 6SdB/cm. 


P 


Fig.  1:  The  lower  frequency  and  the  spatial  growth  rate 
as  a  function  of  the  normalized  velocity 


P 


Fig.  2:  The  higher  frequency  and  the  spatial  growth  rate 
as  a  function  of  the  normalised  velocity  fi. 

Quasi- Analytical  Approach.  Baaed  on  the  set  of  equations 
presented  in  Table  I,  we  can  simulate  the  operation  of 
the  device  as  an  amplifier.  At  /  =  20.56 GHz,  for  400A 
and  a  128AV  beam  with  6 kW  of  power  at  the  input  the 
maximum  gain  is  about  30dB  corresponding  to  more  than 
11%  efficency.  For  a  prebunched  beam  the  efficiency  can 
be  doubled  without  tapering  the  magnetic  field. 

Particle  in  Cell  Simulations.  The  analytical  and  quasi- 
analytical  results  presented  above  have  been  tested  with 
the  particle  in  cell  code  MAGIC  -excluding  the  TE  modes. 
Fig.  3  depicts  the  trajectories  of  the  electrons.  Typically 
these  remain  unchanged  even  when  the  phase  space  distri¬ 
bution  is  significantly  altered;  the  density  of  particles  may 
vary  significantly  from  one  location  to  another.  The  sys¬ 
tem  was  driven  at  7.2 GHz  which  is,  at  the  input  energy, 
the  resonance  frequency  of  the  system  -  close  to  cutoff 
(7.176 GHt).  The  spectrum  of  the  radiation  generated  is 


stable  and  “dean" .  The  Poynting  vector  integrated  ova 
the  waveguide  cross  section  indicates  about  2Jk 4W  (25%). 


Fig.  3:  Electron  trajectory  as  calculated  with  MAGIC. 

IV.  DISCUSSION  AND  SUMMARY 

We  have  presented  preliminary  results  from  the  study 
of  the  interaction  of  a  beam  with  a  TM  mode  in  a  lon¬ 
gitudinal  magnetic  wiggler.  For  a  thin  beam  the  sim¬ 
plified  set  of  equations  which  describe  the  dynamics  of 
such  a  system  are  identical  to  these  of  a  traveling  wave 
tube  and  differ  from  the  regular  transverse  wiggler  free 
electron  laser.  The  quaai-analytical  model  indicates  that 
the  TM-FEL  has  a  low  sensitivity  to  initial  spread  of  the 
kinetic  energy  -  like  the  TWT  and  high  (11%)  “bare” 
efficiency  (nc  tapering).  With  a  prebunched  beam  the 
efficiency  can  be  increased.  The  trajectories  of  the  elec¬ 
trons  are  stable  even  at  saturation  and  are  determined  by 
the  wiggler.  Combining  these  results  with  the  very  sim¬ 
ple  geometry  required  for  the  electromagnetic  structure 
(smooth  waveguide),  make  the  device  appealing  for  high 
power  microwave  generation  in  the  range  of  (10-30Gtfz). 
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Abstract 

Cyclotron  resonance  maser  amplifiers  are  possible  sources 
for  applications  such  as  election  cyclotron  resonance  heating 
of  Anion  plasmas  and  driving  high-gradient  rf  linear  accel¬ 
erators.  For  accelerator  drivers,  amplifiers  or  phase  iocked- 
oscillators  ate  required.  A  17  GHz  cyclotron  autoresonance 
maser  (CARM)  amplifier  experiment  and  a  17  GHz  third  har¬ 
monic  gyro-amplifier  experiment  are  presently  underway  at  the 
MIT  Plasma  Fusion  Center.  Using  the  SRL/MTT  SNOMAD II 
induction  accelerator  to  provide  a  380  kV,  180  A,  30  ns  flat- 
top  electron  beam,  the  gyro-amplifier  experiment  has  produced 
S  MW  of  rf  power  with  over  30  dB  of  gain  at  17  GHz.  The 
gyro-amplifier  operates  in  the  TEji  mode  using  a  third  har¬ 
monic  interaction.  Because  of  its  high  power  output,  the  gyro- 
amplifier  will  be  used  as  the  rf  source  for  a  photocathode  rf 
electron  gun  experiment  also  taking  place  at  MIT.  Preliminary 
gyro-amplifier  results  are  presented,  including  measurement  of 
rf  power,  gain  versus  interaction  length,  and  the  far-field  pat¬ 
tern.  A  CARM  experiment  designed  to  operate  in  the  TEn 
mode  is  also  discussed. 

I.  INTRODUCTION 

A.  Next  Generation  Collider  Requirements 

At  present,  designs  for  the  next  generation  colliders  have 
settled  on  11-30  GHz  as  a  range  of  reasonable  operating  fre¬ 
quencies.  Some  parameterizations  put  the  optimum  operating 
frequency  at  17  GHz[l,2].  The  typical  peak  power  that  will 
be  required  per  source  is  in  the  300  MW  to  1  GW  range,  with 
rf  pulse  lengths  in  the  neighborhood  of  25-50  ns[l].  For  such 
a  design,  accelerating  gradients  may  be  on  the  order  of  200 
MV/m. 

Sources  capable  of  fulfilling  the  requirements  of  these  ac¬ 
celerators  are  under  development  Promising  sources  are 
gyrokiystions[3],  free  electron  lasers[2],  CARMs,  relativistic 
klystrons,  and  gyro-TWT  amplifiers. 

B.  CRM  theory 

In  cyclotron  resonance  masers,  electrons  undergoing  cy¬ 
clotron  motion  in  an  axial  magnetic  field  couple  to  a  fast 
electromagnetic  wave.  The  CRM  resonance  condition  is 

*Sappwted  by  the  Depertmeat  of  Eaeigy,  Advaaced  Eaeigy  Projects  Of¬ 
fice,  aider  contract  DE-FG02-89ER14052.  Additional  support  bom  Science 
Reeeatch  Laboratory,  DARPA,  aad  LLNL  is  gratefully  acknowledged 

tSapported  by  Swim  Matiosa!  Science  Foundation,  Fellowship  Nr.  8220- 
30665. 

t  Also  with  Thomson  Tubes  Bectroaiqaaa,  Vdlky,  France. 

(Supported  by  CEA/CESTA,  Fiance. 

0-7803-1203-1/93503.00  0 1993  IEEE 


o>  -  k,v,  =  aQe,  where  co  is  the  rf  wave  frequency,  k,  is 
the  parallel  wave  number,  v,  is  the  axial  electron  velocity,  a 
is  the  harmonic  number,  and  =  q,B/y  rrioc  is  the  relativis¬ 
tic  cyclotron  frequency.  For  the  gyro-amplifier,  the  k,v,  term 
in  the  resonance  condition  is  small,  but  the  CARM  makes  use 
of  this  term  to  operate  at  a  significantly  up6hifted  frequency 
with  phase  velocity  close  to  unity.  This  operating  regime  has 
the  unique  feature  that  the  electrons  maintain  resonance  with 
the  rf  wave  even  as  they  lose  energy,  hence  the  term,  “au¬ 
toresonance.”  This  autoresonance  combined  with  the  ups  hi  fled 
frequency  make  the  CARM  an  appealing  rf  source. 

A  gyro-amplifier  using  harmonic  interactions  obtains  the 
same  advantage  as  the  CARM-Jower  magnetic  field  for  a  given 
operating  frequcncy-with  the  added  advantages  of  being  less 
sensitive  to  beam  quality.  For  both  the  CARM  and  the  gyro- 
amplifier,  tapering  the  magnetic  guide  field  offers  the  added 
benefit  that  the  electrons  can  be  kept  in  resonance  as  they  lose 
energy,  thereby  enhancing  the  efficiency  of  the  amplifier. 

II.  Design 

Initially,  we  designed  a  17  GHz  CARM  amplifier  utilizing 
a  300  kV,  500  A,  30  ns  flat-top  beam  pulse  generated  by 
the  SRL/MIT  SNOMAD- II  linear  induction  accelerator^].  A 
diagram  of  the  experiment  is  shown  in  Fig.  1.  A  three  period 
bifilar  helical  wiggler  with  a  wiggler  period  of  9.21  cm  and  a 
field  of  up  to  60  G  is  used  to  add  pitch  to  the  beam,  which  is 
injected  by  a  thermionic  Pierce-type  gun.  The  design  pitch  for 
the  CARM  is  a  =  0.4.  The  beam  then  travels  through  a  region 
of  adiabatic  compression  where  the  magnetic  field  increases  to 
4  kG  for  extracting  energy  via  the  upshifted  CRM  resonance. 
A  17  GHz  input  signal  is  injected  into  the  interaction  region 
using  a  45°  wire-mesh  coupler.  This  signal  copropagates  with 
the  beam  in  127  cm  radius  waveguide,  where  the  signal  is 
resonantly  amplified. 

Using  the  experimental  setup  for  the  CARM  amplifier,  we 
observed  a  TE31  gyro-amplifier  mode  at  third  harmonic.  The 
beam  settings  for  operation  in  this  mode  are  380  kV,  a  =  1.0, 
and  a  2.7  kG  guide  field. 

Cold-beam  studies  predict  efficiencies  of  ~20%  for  the 
CARM  amplifier  [4]  in  the  absense  of  magnetic  field  tapering, 
and  ~15%  for  the  third  harmonic  gyro-amplifier,  for  this  unop¬ 
timized  design,  given  our  beam  parameters.  These  efficiencies 
can  be  improved  by  magnetic  field  tapering.  Optimized  rel¬ 
ativistic  harmonic  gyro-amplifier  designs  can  be  expected  to 
yield  up  to  >  40%  efficiency  at  the  second  harmonic  [5].  The 
gyro -amplifier  efficiency  drops  off  much  more  slowly  than  that 
of  the  CARM  as  beam  quality  deteriorates,  however.  At  10%- 
15%  axial  velocity  spread,  for  example,  CARM  operation  is 
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Figure  1:  Experimental  diagram  (to  scale). 


infeasible,  while  the  gyro-amplifier  efficiency  still  can  be  as 
high  as  10%. 


III.  Experimental  results 

A.  CARM  Amplifier 

To  date,  CARM  amplifier  operation  has  not  been  observed. 
Our  beam  transport  must  be  improved  in  order  to  achieve  beam 
qualities  necessary  for  CARM  operation. 

B.  Gyro-amplifier 

Operation  of  the  third  harmonic  gyro-amplifier  at  high  power 
has  been  observed,  and  unprecedented  results  have  been  ob¬ 
tained.  We  measured  5  MW  of  power  in  the  TE31  mode  for 
a  beam  voltage  of  380  kV  and  a  beam  current  of  180  A,  giv¬ 
ing  an  efficiency  of  7%.  The  current,  depending  on  whether 
we  run  the  cathode  temperature  limited  or  space-charge  lim¬ 
ited,  can  be  from  130-300  A.  Interestingly,  increasing  the  cur¬ 
rent  does  not  greatly  increase  the  rf  power,  possibly  indicating 
that  at  higher  current,  the  space-charge  limited  electron  beam 
has  significantly  poorer  beam  quality  than  a  temperature  lim¬ 
ited  beam.  A  typical  voltage  trace  and  rf  pulse  for  the  gyro- 
amplifier  is  shown  in  Fig.  2.  Experimental  evidence  suggests 
that  the  rf  pulse  is  narrower  than  the  voltage  pulse  due  to  the 
onset  of  absolute  instability.  We  observe  that  as  we  increase 
the  pitch  in  the  beam,  absolute  instability  occurs  at  earlier  time 
and  has  an  increasingly  detremental  effect  on  the  amplified  rf 
power. 

Our  output  power  for  the  gyro-amplifier  was  calculated  by 
measuring  a  1-D  far-field  pattern  from  the  output  rf  window 
with  a  calibrated  detection  horn,  attenuator,  and  diode.  We 
then  use  the  pattern  to  obtain  relative  power  in  the  various  TE 
modes.  Normally  this  cannot  be  uniquely  determined  from  a  1- 
D  pattern,  but  by  ignoring  TM  modes  and  the  TE01  mode  since 
they  have  very  little  coupling  to  the  CRM  resonance  for  an  axis 
encircling  beam,  we  can  obtain  a  unique  distribution  of  power. 
By  integrating  the  measured  pattern,  we  then  obtain  absolute 
power  in  each  of  the  TE  modes.  A  typical  far-field  pattern  and 
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Figure  2:  Voltage  and  rf  pulses. 


subsequent  TE  mode  content  and  power  calculation  is  shown 
in  Fig.  3.  We  estimate  the  error  in  this  power  measurement 
to  be  ±2  dB.  Plans  to  measure  the  power  using  a  calibrated 
directional  coupler  are  in  progress. 

The  injected  rf  drive  power  was  also  measured  using  a  far- 
field  pattern  measurement;  however,  the  uncertainty  in  the 
measurement  is  larger  since  we  cannot  rule  out  TM  modes 
from  the  distribution.  The  input  pattern  clearly  contains  a  wide 
mix  of  modes,  with  power  in  the  synchronous  TE31  mode  es¬ 
timated  at  not  more  than  30  W  minimum  in  order  to  obtain  rf 
amplification,  for  a  total  of  over  30  dB  of  rf  gain. 

We  measured  the  rf  power  gain  versus  interaction  distance 
by  sliding  a  strong  “kicker”  magnet  down  our  interaction  tube 
to  eject  the  beam  at  various  distances  along  the  interaction. 
The  results  of  this  measurement  are  shown  in  Fig.  4.  The 
optimum  magnetic  field  profile  is  also  shown  in  the  figure, 
verifying  that  a  taper  in  the  field  allows  increased  rf  power. 
The  gain  history  measurement  was  made  by  putting  the  detec- 
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Figure  3:  Far-field  scan  of  the  amplified  rf. 

tion  diode  at  the  peak  angle  for  TE31  output.  Note  that  at  small 
interaction  distances,  the  signal  from  the  magnetron  masks  the 
TEji  signal  because  the  magnetron  injects  only  a  fraction  of 
TE31  power.  Also,  due  to  limitations  in  positioning  the  kicker 
magnet,  the  rf  drive  power  is  injected  into  the  interaction  re¬ 
gion  15  cm  before  the  point  marked  as  0  cm  in  Fig.  4.  Thus 
the  total  gain  of  the  system  is  over  SO  dB  even  though  the 
figure  only  shows  an  increase  of  48  dB  from  start  to  finish. 

The  theoretical  output  power  of  the  gyro-amplifier  depends 
strongly  on  beam  pitch.  This  is  a  difficult  quantity  to  measure. 
Simulations  predict  that  our  pitch  is  a  =  0.75  —  1.0.  For  our 
beam  parameters  of  380  kV  and  180  A,  with  a  in  this  range, 
predicted  output  power  for  a  non-tapered  magnetic  field  and 
a  cold  beam  is  8-12  MW.  As  we  increase  our  pitch,  abso¬ 
lute  instabilities  occur.  For  a  guide  field  of  2.7  kC,  absolute 
instability  is  predicted  to  occur  at  a  >  1.1,  consistent  with 
experimental  observation. 

IV.  Conclusions 

Third  harmonic  gyro-amplifier  operation  has  been  observed  to 
produce  5  MW  of  17  GHz  TE31  rf  power  at  7%  efficiency  with 
a  tapered  magnetic  field.  The  gyro-amplifier  shows  a  single 
pass  gain  of  over  50  dB,  which  allows  it  to  operate  with  very 
low  power  drive  sources.  This  third  harmonic  gyro-amplifier  is 
presently  the  planned  source  for  the  17  GHz  rf  gun  experiment 
at  MIT.  A  second  harmonic  gyro-amplifier  experiment  has  also 
been  designed  and  will  be  tested  shortly. 

The  output  power  and  efficiency  of  the  gyro-amplifier  are 
still  much  lower  than  theory  predicts,  even  for  very  poor  qual¬ 
ity  (—15%  axial  velocity  spread)  electron  beams.  Plans  for  im¬ 
provement  of  our  beam  transport  include  shortening  our  bifilar 
helical  wiggler,  shortening  of  the  entire  system  by  redesigning 
the  magnetic  transport,  and  minor  modifications  to  the  electron 
gun  geometry.  Design  of  a  sever  to  damp  absolute  instabilities 
is  also  in  progress. 


Figure  4:  Gain  history  and  magnetic  field  profile. 

Output  power  of  5  MW  at  17  GHz  with  gain  of  over  50  dB 
from  a  gyro-amplifier  operating  at  third  harmonic  is  unprece¬ 
dented.  Nevertheless,  substantial  improvement  of  the  opera¬ 
tion  is  expected  with  optimization  of  the  amplifier  for  operation 
cm  this  mode.  This  power  level,  combined  with  the  low  oper¬ 
ating  voltage  and  field,  makes  the  harmonic  gyro-amplifier  a 
promising  source  of  rf  power. 
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Abstract 

The  stability  of  gyrotwistrons  against  the  exci¬ 
tation  of  parasitic  modes  is  studied.  A  method  is 
described  which  can  be  used  to  compute  the  nonlin¬ 
ear  saturation  amplitude  of  the  parasites  when  the 
operating  mode  is  present.  An  example  relevant  to 
driving  particle  accelerators  (near  10  GHz  and  500 
kV)  is  discussed. 

I.  INTRODUCTION 

One  possible  source  for  driving  particle  acceler¬ 
ators  is  the  relativistic  gyrotwistron,1  in  which  the 
output  cavity  of  a  standard  gyroklystron  amplifier  is 
replaced  by  a  traveling  wave  section.  The  primary 
reason  to  consider  the  gyrotwistron  over  the  more 
conventional  gyroklystron  amplifier  is  efficiency:  be¬ 
cause  the  interaction  region  is  relatively  long,  the 
magnetic  field  can  be  tapered  to  keep  the  particles  in 
resonance,  thereby  extracting  a  large  fraction  of  the 
available  energy.  On  the  other  hand,  because  of  the 
long  interaction  region  gyrotwistrons  are  highly  sus¬ 
ceptible  to  instabilities.  In  this  paper  we  consider  a 
relativistic  gyrotwistron  operating  in  the  TEoi  mode 
and  study  its  stability  with  respect  to  the  parasitic 
TEn  mode.  Without  the  operating  mode  present 
the  TEn  mode  is  unstable  when  the  reflection  coef¬ 
ficient  at  the  output  cross-section  goes  above  .07%. 
The  question  we  consider  here  is:  what  effect  does 
the  operating  mode  have  on  the  parasite?  In  the 
next  section,  we  briefly  outline  the  equations  we  will 
use.  Section  III  contains  our  results  for  a  specific 
case  (425  kV,  160  A,  9.85  GHz,  fundamental  TEoi), 
and  Sec.  IV  contains  our  summary  and  conclusions. 

II.  EQUATIONS 

The  equations  we  use  are  the  Lorentz  force  equa¬ 
tions  for  the  particles  and  Maxwell’s  equations  for 
the  wave.  The  electron  motion  is  studied  under  the 
following  simplifying  assumptions: 

1.  We  neglect  space  charge. 

2.  We  neglect  guiding  center  drift  caused  by  the 
wave  (although  we  include  drift  caused  by  the 
tapered  external  magnetic  field). 


3.  We  averaged  the  equations  over  fast  gyrophase. 

4.  We  assume  that  fcxr£  <  1  (*x  is  the  perpen¬ 
dicular  wave  number,  tl  is  the  Larmor  radius). 

To  simplify  Maxwell’s  equations,  we  average  over 
a  wave  period  as  well  as  the  fast  gyrophase,  and 
assume  that  only  two  modes  are  present:  the  op¬ 
erating  mode  and  one  parasite.  We  consider  the 
case  where  these  two  modes  are  incommensurate;  i.e. 
si/sj  ^  cji/u>2  where  s  is  the  harmonic  number,  u>  is 
the  frequency,  and  the  subscript  “1”  and  “2”  refer  to 
the  operating  mode  and  parasite,  respectively.  And 
finally,  we  work  in  the  steady  state  regime,  so  the 
wave  amplitudes  are  fixed  in  time  (but  not  space). 

What  we  wish  to  find  in  this  analysis  is  the  am¬ 
plitude  of  the  parasite  as  a  function  of  its  reflection 
coefficient  at  the  output  cross-section.  In  fact,  there 
is  generally  more  than  one  amplitude  for  each  re¬ 
flection  coefficient,  and  not  all  of  them  are  stable. 
The  stable  solutions  are  the  ones  for  which  the  re¬ 
flection  coefficient  increases  as  the  amplitude  of  the 
parasite  increases.  Thus,  we  need  to  compute  the  re¬ 
flection  coefficient  of  the  parasite  versus  amplitude 
over  a  range  of  amplitudes.  This  computation  must 
be  done  at  frequencies  ranging  from  cutoff  to  a  large 
enough  frequency  that  the  beam  and  wave  lose  res¬ 
onance. 

III.  RESULTS 

We  consider  a  gyrotwistron  relevant  to  the  Uni¬ 
versity  of  Maryland  experiment.2  This  experiment 
can  operate  over  a  range  of  parameters;  for  definite¬ 
ness  we  consider  fundamental  operation  in  the  TEoi 
mode  at  a  frequency  of  9.85  GHz,  a  voltage  of  425 
kV,  a  current  of  160  A,  a  pitch  ratio  (»xo/*>zo)  of  1-2 
and  an  RMS  axial  velocity  spread  of  6%.  These  are 
rather  easily  attainable  values.  The  output  waveg¬ 
uide  has  an  initial  radius  of  1.825  cm  and  a  0.5  de¬ 
gree  taper;  the  taper  helps  stabilize  the  system  by 
ensuring  that  no  mode  can  remain  near  cutoff  for  too 
long.  Instead  of  an  initial  cavity,  we  start  the  parti¬ 
cles  uniformly  distributed  in  phase  but  with  a  kick  in 
perpendicular  momentum,  and  then  let  the  particle 
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bunch  ballistieally  in  the  drift  section.  As  a  result 
of  the  kick,  at  the  entrance  to  the  output  waveguide 
the  distribution  in  phase  and  normalized  perpen¬ 
dicular  momentum  ux  are  given  approximately  by 

V>  =  V*0  +  jfc(«Lo-  l)  +  gcos(0o) 

ux  =  uj.0  -  K0co&(fo) 

where  Vto  is  uniformly  distributed  in  phase  between 
0  and  2x,  uxo  has  a  top  hat  distribution  in  per¬ 
pendicular  momentum,  q  is  the  standard  bunching 
parameter,  and  Kq  is  proportional  to  the  kick  the 
particles  receive  in  the  first  cavity. 

We  first  consider  the  operating  mode.  Because 
both  the  forward  and  backward  waves  are  excited, 
there  are  boundary  conditions  at  both  ends  of  the 
circuit:  the  particle  phases  and  momenta  are  speci¬ 
fied  at  the  beginning  of  the  output  waveguide  accord¬ 
ing  to  the  above  distribution,  while  the  wave  ampli¬ 
tudes  are  specified  at  both  ends  (the  initial  forward 
wave  amplitude  and  the  final  backward  amplitude 
are  zero).  Thus,  a  hunt  and  shoot  method  must  be 
used  to  find  the  correct  amplitude  and  phase  of  the 
backward  wave  at  the  beginning  of  the  circuit.  We 
chose  a  relatively  small  bunching  parameter,  q  «  0.1. 
This  made  it  easy  to  find  an  equilibrium  satisfying 
the  boundary  conditions,  although  a  larger  bunch¬ 
ing  parameter  would  probably  have  helped  suppress 
the  parasites.  In  future  work  we  will  consider  such 
larger  values.  The  magnetic  field  had  a  fairly  strong 
taper;  it  started  at  5.6  kG,  and  then  fell  to  about 
half  that  value  in  20  cm.  The  maximum  efficiency 
was  36%,  which  occured  at  about  18  cm,  but  the 
final  efficiency  was  28%.  We  integrate  past  where 
the  efficiency  is  a  maximum  because  we  use  the  ac¬ 
tual  experimental  coils  to  specify  the  magnetic  field, 
so  there  are  constraints  on  its  profile.  We  should 
be  able  to  increase  the  final  efficiency  by  abruptly 
decreasing  the  magnetic  field  at  18  cm,  and  we  are 
working  in  this  direction. 

Analysis  of  the  parasites  proceeds  sis  described 
above.  Typically  there  are  a  large  number  of  modes 
that  are  capable  of  interacting  with  the  electron  beam 
at  the  specified  magnetic  field:  10  to  20  if  only  the 
first  and  second  harmonics  are  considered;  more  if 
the  third  and  higher  harmonics  are  also  included. 
To  demonstrate  our  procedure,  here  we  will  consider 
only  the  parasitic  TEu  mode  operating  at  the  fun- 
d amenta’  cyclotron  frequency  ($2  =  1)-  Without  the 
operating  mode  present,  this  mode  is  unstable  at  6.4 
GHz  if  the  reflectivity  at  the  output  cross-section  is 


above  .07%.  With  the  operating  mode  present  the 
TEu  mode  is  still  linearly  unstable;  now  near  5.2 
instead  of  6.4  GHz.  However,  it  has  a  relatively  low 
saturation  amplitude:  for  reflection  coefficients  up  to 
50%,  the  TEu  mode  saturates  at  about  1%  of  the 
power  of  the  operating  mode.  However,  even  at  these 
low  levels  it  reduces  the  operating  mode  efficiency: 
at  50%  reflection,  the  maximum  efficiency  falls  from 
36%  to  23%,  and  the  final  efficiency  falls  from  28% 
to  20%.  At  lower  reflection  coefficient,  the  falloff  is 
similar:  at  5%  reflection,  the  maximum  efficiency  is 
26%  and  the  final  efficiency  is  23%.  The  parasite 
was  also  unstable  at  other  frequencies  besides  5.2 
GHz,  but  at  those  frequencies  it  had  a  much  lower 
saturation  amplitude. 

IV.  SUMMARY 

For  the  modes  we  considered  (TEoi  for  the  oper¬ 
ating  mode  and  TEu  for  the  parasite),  we  found  that 
with  the  operating  mode  present,  the  power  in  the 
parasite  saturated  at  a  level  about  100  times  lower 
than  that  of  the  operating  mode.  However,  signif¬ 
icant  degradation  in  the  efficiency  of  the  operating 
mode  was  observed;  its  final  efficiency  dropped  from 
28%  to  about  20%  at  50%  reflection.  We  suspect 
that  we  can  improve  this  result  by  using  a  larger 
bunching  parameter  so  that  the  operating  mode  sat¬ 
urates  more  rapidly,  and  by  decreasing  the  magnetic 
field  faster  to  decrease  the  operating  regime  of  the 
parasite.  One  thing  we  did  not  consider  was  the 
simultaneous  existence  of  parasites  over  a  range  of 
frequencies.  Since  the  unstable  spectrum  was  fairly 
narrow,  we  suspect  that  it  is  a  good  approximation 
to  assume  that  the  parasite  is  excited  at  a  single 
frequency;  nevertheless,  this  issue  deserves  further 
investigation. 

This  work  was  supported  by  the  U.S.  Depart¬ 
ment  of  Energy. 
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Abstract 

Relativistic  gyrotwistrons,  which  can,  in  princi¬ 
ple,  achieve  efficiencies  in  excess  of  50%,  are  promis¬ 
ing  sources  for  driving  particle  accelerators.  The 
optimum  operating  point  for  these  devices  repre¬ 
sents  a  tradeoff  between  maximizing  the  available 
energy  and  minimizing  the  deleterious  effects  of  ve¬ 
locity  spread.  The  former  increases  with  Doppler 
upshift  and  pitch  ratio,  while  the  effects  of  velocity 
spread  are  made  worse  by  both  of  these  quantities. 
We  discuss  the  issues  that  go  into  deciding  how  to 
achieve  maximum  efficiency,  with  particular  atten¬ 
tion  paid  to  the  role  of  beam  current. 

I.  INTRODUCTION 

One  possible  source  for  driving  particle  acceler¬ 
ators  is  the  relativistic  gyrotwistron,1  in  which  the 
output  cavity  of  a  standard  gyroklystron  amplifier 
is  replaced  by  a  traveling  wave  section.  There  are 
two  issues  involved  in  designing  a  gyrotwistron:  star 
bility  and  efficiency.  In  another  paper  (“Stability  of 
Gyrotwistrons,”  by  P.E.  Latham,  G.S.  Nusinovich, 
and  J.  Cheng,  these  proceedings),  we  consider  issues 
of  stability;  here  we  ask  the  question:  what  param¬ 
eters  yield  the  optimum  efficiency?  In  addressing 
this  question,  we  make  the  following  assumptions: 

1.  The  electron  beam  voltage  and  current  are 
fixed. 

2.  The  electron  beam  has  a  perpendicular  veloc¬ 
ity  spread,  A/3xo//?io>  that  is  independent  of 
magnetic  field  and  pitch  ratio  a  (a  =  P±/fiz)- 

3.  The  axial  wave  number,  kz,  is  chosen  so  that 
the  beam  and  wave  are  initially  in  resonance; 
i.e.  at  the  beginning  of  the  output  waveguide, 

u  —  sDc  —  kzvz  =  0 

where  u>  is  the  operating  frequency,  s  is  the 
harmonic,  fic  is  the  initial  cyclotron  frequency 
and  vz  is  the  initial  average  velocity. 


The  first  and  third  assumptions  are  fairly  rea¬ 
sonable;  the  second  needs  some  explanation.  This 
assumption  stems  from  the  observation  that  the 
perpendicular  velocity  spread  is  an  adiabatic  in¬ 
variant.  Thus,  if  a  given  value  of  A/?xo/#io  can 
be  achieved  at  some  value  of  the  pitch  ratio,  it  can 
be  achieved  at  any  other  value  of  a  by  adi&bati- 
cally  varying  the  magnetic  field.  Since  an  electron 
gun  can  be  constructed  to  produce  a  beam  over 
an  extremely  broad  range  of  magnetic  fields,  it  fol¬ 
lows  that  the  perpendicular  velocity  spread  is  inde¬ 
pendent  of  both  magnetic  field  and  pitch  ratio.  Of 
course,  in  a  particular  electron  gun  this  will  be  true 
only  over  a  range  of  magnetic  fields. 

The  task  now  is,  in  principle,  largely  numeri¬ 
cal:  simply  optimize  efficiency  with  respect  to  ini¬ 
tial  pitch  ratio  and  magnetic  field,  with  the  axial 
wave  number  chosen  to  satisfy  the  resonance  con¬ 
dition  given  above.  This  is,  however,  a  big  job; 
especially  since  the  efficiency  needs  to  be  optimized 
with  respect  to  the  magnetic  field  profile.  To  nar¬ 
row  down  the  parameter  range,  in  this  paper  we 
estimate,  using  simple  physical  arguments,  the  pa¬ 
rameters  which  are  likely  to  yield  high  efficiency. 
This  will  give  us  a  good  starting  point  for  a  numer¬ 
ical  investigation,  which  will  be  carried  out  in  future 
work.  In  the  next  section  we  discuss  the  issues  rel¬ 
evant  to  high  efficiency  gyrotwistrons,  culminating 
with  a  single  graph  (at  each  harmonic)  which  dis¬ 
plays  our  results.  Section  III  contains  our  summary 
and  conclusions. 

II.  DISCUSSION  AND  RESULTS 

As  mentioned,  the  optimum  operating  point  for 
a  gyrotwistron  represents  a  tradeoff  between  maxi¬ 
mizing  the  available  energy  and  minimizing  the  ef¬ 
fects  of  velocity  spread.  The  available  energy  is 
given  by  the  maximum  single  particle  efficiency,2 

-  7o  +  1  a2  tu 
^ ap  270  1  +  a2  sQc 

where  70  is  the  initial  relativistic  factor.  The  single 
particle  efficiency,  which  is  easily  derived  by  not¬ 
ing  that  the  Hamiltonian  depends  on  a  single  phase 
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and  thus  has  two  conserved  quantities,  has  a  simple 
physical  interpretation:  the  available  perpendicular 
energy  increases  with  pitch  ratio,  and  the  available 
axial  energy  increases  with  increasing  Doppler  up¬ 
shift  (the  a >/s£lc  term). 

With  no  velocity  spread,  typically  one  is  able  to 
achieve  efficiencies  on  the  order  of  70%  of  the  single 
particle  efficiency.  However,  with  velocity  spread 
the  picture  changes  dramatically.  A  good  measure 
of  the  effect  of  velocity  spread  is  the  spread  in  phase 
which  it  induces.  To  estimate  this,  we  write  down 
the  zeroth  order  equation1  for  the  slow  gyrophase 

dxj)  _  1  -  sSlc/u>  —  kzvzfu 

dt~  77K 

where  /  is  the  normalized  current  and  £  —  y/l(u/c)z 
is  the  normalized  length  with  c  the  speed  of  light. 
The  normalized  current  for  the  TEmn  mode  is 


I 

i 


=  i  [fctj.c/.o «]*-»  1-tjf-/' 

_  4 eh  \  l2  Jm±.(fcX'g) 

m*yocs  U»-l)!2*J  (i/Jln-miy3,( i/m„) 


where  /{,  is  the  beam  current,  e  and  me  are  the  elec¬ 
tron  charge  and  mass,  respectively,  kx  is  the  per¬ 
pendicular  wave  number,  rg  is  the  guiding  center 
radius,  i/mn  is  the  nth  root  of  the  derivative  of  the 
Bessel  function:  J'm{vmn)  =  0.  In  these  units  the 
current  appears  only  in  the  zeroth  order  equation 
of  the  phase,  so  we  can  estimate  the  effects  of  the 
current  by  looking  exclusively  at  this  term.  Bars 
denote  an  average  over  the  initial  velocity  distribu¬ 
tion. 

The  phase  spread  induced  by  the  velocity  spread, 
which  we  denote  A^,,  is  defined  to  be 


A^  =  A/32 


3 

df3z 


A  straightforward  calculation  yields 


A^ 


[ rheJy.  ,  11/2  (aflcM'-Mi-jncM  aiMut 


where  we  used  A/?Z/0Z  =  d2A/?io//3j.o  (recall  that 
A/3j_o//3xo  is  independent  of  both  pitch  ratio  and 
magnetic  field). 

For  large  Doppler  upshift,  i.e.  kz  near  one,  the 
most  important  scaling  in  this  expression  is  the 
term  (k±c/ w)~*,  which  indicates  a  rapid  increase 
in  A^,  as  kz  increases.  This  is  consistent  with  the 


well  known  fact  that  large  Doppler  upshifted  de¬ 
vices  are  sensitive  to  velocity  spread.  However,  the 
sensitivity  comes  not  so  much  from  the  kzvz  term 
in  the  resonance  condition,  but  from  the  weak  cou¬ 
pling  that  occurs  when  the  perpendicular  wavenum¬ 
ber  becomes  small.  Note  that  a  slow  wave  de¬ 
vice  would  have  significantly  different  scaling,  as  the 
coupling  would  not  vanish  at  large  kz.  For  small  kz, 
the  dominant  terms  are  y/kzc/u  and  (1  -  sSlJu). 
The  former  arizes  because  the  normalized  current 
is  inversely  proportional  to  kz,  so  the  coupling  in¬ 
creases  as  the  axial  wavenumber  decreases.  The 
latter  term,  which  is  proportional  to  kzvz  because 
of  the  resonance  condition,  reflects  the  fact  that  de¬ 
vices  operating  near  cutoff  are  insensitive  to  veloc¬ 
ity  spread. 

The  other  dependences  in  this  expression  are 
fairly  easy  to  understand:  A^  increases  as  the  beam 
current  decreases  and  velocity  spread  increases.  The 
dependence  on  the  pitch  ratio  is  slightly  more  com¬ 
plicated:  because  of  the  0x~^  term,  A^  decreases 
as  a  decreases  only  up  to  the  second  harmonic.  At 
the  third  harmonic  A^,  depends  weakly  on  the  pitch 
ratio,  and  at  the  fourth  harmonic  and  above  A^ 
actually  increases  as  a  decreases.  Thus,  harmonics 
above  two  a<  ot  good  candidates  for  operation  at 
small  pitch  ratio. 

In  Fig.  1  we  plot  level  curves  of  both  the  single 
particle  efficiency  and  A^  for  the  first,  second  and 
third  harmonics  (Figs,  la,  lb  and  lc,  respectively). 
The  value  A^,  =  0.30  corresponds  roughly  to  the  pa¬ 
rameters  of  the  University  of  Maryland  experiment3 
(voltage  near  425  kV,  current  near  160  A,  pitch  ra¬ 
tio  near  1,  and  perpendicular  velocity  spread  near 
6%.)  At  these  parameters,  numerical  simulations 
indicate  that  we  can  achieve  gyrotwistron  efficien¬ 
cies  on  the  order  of  35%. 

The  salient  feature  of  these  plots  is  that  at  a 
fixed  pitch  ratio,  A^  increases  rapidly  as  we  move 
into  the  regime  of  high  single  particle  efficiency;  ad¬ 
jacent  level  curves  of  A^  increase  by  a  factor  of 
four.  For  instance,  to  move  from  the  level  curve 
A^  =  0.30  to  A^  =  1.20  and  still  extract  a  large 
fraction  of  the  available  energy,  either  the  velocity 
spread  would  have  to  decrease  by  a  factor  of  4  or 
the  current  would  have  to  increase  by  a  factor  of 
16.  Both  of  these  are  extremely  difficult  techno¬ 
logically.  Thus,  since  the  maximum  pitch  ratio  is 
generally  limited  by  instabilities  and  reflected  par¬ 
ticles,  there  are  severe  constraints  on  the  achievable 
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efficiency  in  a  realistic  gyrotwistron. 
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Figure  1:  Level  curves  of  single  particle  efficiency 
(solid  lines)  and  (dashed  lines),  a)  TEoi,  fun¬ 
damental  operation;  b)  TEn,  second  harmonic;  c) 
TE21,  third  harmonic. 


III.  SUMMARY  AND  CONCLUSIONS 

We  have  examined,  using  simple  physical  argu¬ 
ments,  the  parameters  that  lead  to  optimum  op¬ 
eration  of  a  gyrotwistron.  The  two  key  concepts 
in  this  analysis  were  the  single  particle  efficiency, 
which  is  a  measure  of  the  available  beam  energy, 
and  the  phase  spread  induced  on  the  beam  by  the 
velocity  spread.  We  found  that  large  beam  current 
could  offset  the  effects  of  velocity  spread  and  thus 
increase  efficiency.  Thus,  high  current  devices  will, 
in  general,  yield  large  efficiencies  than  those  with 
low  current  (assuming  that  the  other  parameters 
are  fixed). 

This  work  was  supported  by  the  U.S.  Depart¬ 
ment  of  Energy. 
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Abstract 

We  have  designed  and  are  testing  a  large  orbit  gyroklystron 
amplifier  for  1.3  GHz  operation  in  65  ns  pulses.  The  ultimate 
power  output  goal  is  500  MW  with  a  gain  in  excess  of  20  dB. 
This  initial  investigation  is  intended  to  lay  the  groundwork  for 
operation  at  1 1.4  GHz  for  particle  accelerator  applications,  and 
also  at  frequencies  of  up  to  35  GHz  for  other  uses. 
Computational  design  has  been  performed  with  the  resonant 
cavity  code  MAFIA  and  the  particle  in  cell  codes  MERLIN  and 
ISIS.  Electron  beam  optics  through  a  magnetic  cusp  was  also 
studied  with  ISIS  and  MERLIN,  and  verified  experimentally,  to 
develop  a  suitable  electron  beam  trajectory  from  the  diode  into 
the  resonator  region.  Performance  tests  of  a  single  stage  device 
have  been  performed.  An  unsaturated  gain  of  43  dB  has  been 
observeed  using  4  kW  of  input  drive,  yielding  an  amplified 
output  of  100  MW. 

Introduction 

A  large  orbit  gyrotron  (gyroklystron)  (LOG)  amplifier 
operating  at  1.3  GHz  is  being  developed  to  operate  at  powers  of 
up  to  500  MW  for  65  ns  pulses.  While  this  initial  investigation 
is  being  performed  at  1.3  GHz,  this  device  can  be  scaled  to 
higher  frequencies  in  a  straight  forward  fashion.  LOG 
oscillators  have  operated  at  15  GHz  and  higher  frequencies  with 
comparable  performance  to  that  at  lower  frequencies. 
Amplifier  operation  has  been  examined  theoretically  and 
experimentally,  but  less  extensively  [1-4]. 

These  devices  produce  microwaves  by  the  interaction  of  a 
helically  rotating  electron  beam  with  the  oscillating  fields  of  a 
resonant  cavity  structure.  The  beam  is  formed  by  injecting  a 
hollow,  non-rotating  beam,  bean  in  an  axial  magnetic  field, 
through  a  magnetic  cusp  positioned  at  the  anode  plane.  An 
annular  slot  is  cut  into  the  mild  steel  cusp  plate  to  allow  the 
beam  to  pass  into  the  downstream  resonator.  In  the  cusp,  a 
portion  of  the  axial  beam  energy  is  converted  to  rotational 
energy.  Typical  ratios  of  rotational  velocity  to  axial  velocity 
(defined  as  alpha)  are  in  tire  range  of  1.5  to  2.5.  The  electron 
beam  entering  the  resonator  has  an  energy  of  500-700  keV,  a 
current  of  1-3  kA,  and  a  radius  of  5-8  cm.  The  device,  shown  in 
Figure  1,  employs  a  cylindrical  resonator  with  three  vanes  in  the 
wall  spaced  equally  in  azimuth. 

The  amplifier  is  designed  as  two  resonator  device,  with 
cylindrical  resonators  of  the  type  describe  above.  The  vane 
structure  is  used  to  evoke  coupling  of  the  rotating  electron  beam 
with  the  TE(0,l,n)  resonant  cavity  mode  of  the  cylindrical 
structure  by  modifying  the  normally  circular  electric  field 
pattern  of  tire  mode  into  a  scalloped  pattern,  similar  to  the 
TE(3tl,n)  mode,  but  near  the  lower  TE(0,l,n)  resonant 
frequency  for  a  non-vaned  cylindrical  wall  with  an  intermediate 
radius. 


Negative  Field 


Figure  1.  Large  orbit  gyrotron  and  gyroklystron 
geometry.  Two  resonator  stages  are  shown,  although  single 
stage  operation  also  will  be  investigated. 


Rf  is  fed  into  the  cavity  using  two  loops,  rare  in  each  of 
two  of  the  vanes  at  the  axial  midplane.  The  standing  wave 
pattern  of  the  cavity  will  couple  to  the  rotating  beam,  provided 
the  beam  angular  velocity  is  in  synchronism,  in  such  a  way  that 
an  azimuthal  density  perturbation  will  grow  on  tire  beam  with 
three  density  maxima  around  the  azimuth.  The  magnitude  of 
the  density  variation  will  grow  as  the  beam  propagates  down  tire 
length  of  the  resonator,  influenced  both  by  tire  applied 
oscillating  fields,  and  the  space  charge  self  fields  of  the  beam 
that  drive  the  negative  mass  instability.  The  instability  will 
grow  as  the  electron  beam  propagates  through  the  system. 
Feedback  from  the  beam  instability  drives  the  cavity  fields  to 
greater  amplitude. 

The  downstream  end  of  the  first  cavity  has  a  central 
opening  which  forms  the  entrance  to  a  cylindrical,  non-vaned 
electron  beam  drift  pipe.  The  pipe  is  intended  to  serve  the  role 
of  an  rf  isolating  sever  between  tire  first  and  second  cavities, 
and  also  as  a  region  in  which  the  beam  bunching  can  grow  by 
the  negative  mass  instability,  independent  of  applied  microwave 
fields.  An  optimum  drift  pipe  length  will  be  determined 
experimentally  to  maximize  azimuthal  beam  bunching.  A 
second,  output  resonator  designed  to  be  strongly  coupled  to  tire 
beam  will  be  place  downstream  of  tire  drift  pipe  at  foe  point  of 
optimum  beam  bunching  to  extract  rf  energy. 

Both  2.5  D  particle  in  cell  modeling  with  the  code  ISIS 
was  used  to  design  the  electron  gun,  and  subsequent 
experiments  were  performed  that  correlated  well  to  tire 
computer  design.  Tire  electron  beam  from  this  design  is  an 
annulus  0.5  to  1.0  cm  thick,  at  a  radius  of  7.1  cm,  at  an  energy 
of 650  kV,  a  current  of  2  to  3  kA,  and  an  alpha  ranging  from  1.5 
to  2.5,  depending  upon  the  magnetic  field  strength,  that  ranged 
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from  300  to  S00  G.  More  detail  of  the  design  of  the  electron  excess  of  40  dB.  The  frequency  purity  as  indicated  by  the  FFT 
beam  is  contained  in  a  previous  paper[5].  shows  the  amplified  bandwidth  to  be  25  percent  narrower  than 


Experimental  Studies 


RF  Input  Drive  Power  (4  kW)  ON,  Sample  Size  -  8 


The  experimental  configuration  consists  of  the  diode, 
cusp  and  magnetic  field  coils,  downstream  resonator  section, 
and  a  dielectric  vacuum  window  for  radiating  the  microwaves 
into  an  anechoic  volume  downstream  of  the  vacuum  chamber. 
A  4  kW  1.3  GHz  source  provides  rf  input  drive  to  the  resonator 
in  these  initial  studies.  Up  to  20  MW  is  available  as  input  drive 
but  will  require  device  modifications  for  aperture  coupling  to 
accommodate  the  power.  Presently,  magnetic  loops  are  situated 
at  the  base  of  two  of  the  vanes  for  cavity  input  drive.  A  loop  in 
the  third  vane  is  used  to  monitor  the  standing  wave  field  in  the 
cavity.  A  stub  waveguide  receiver  is  positioned  in  the  anechoic 
volume  downstream  of  the  open  resonator  end  to  monitor  the 
radiated  power  in  the  far  field. 

We  evaluate  amplifier  performance  by  comparing  the 
radiated  microwave  power  in  three  different  circumstances. 
First,  the  radiated  power  due  to  the  4  kW  input  drive  alone  is 
measured.  Second,  the  radiated  power  with  no  input  drive,  but 
with  the  electron  beam  injected,  is  measured.  Finally,  the 
radiated  power  when  both  input  rf  drive  and  injected  electron 
beam  are  present  in  the  resonator  is  measured.  Relative  power 
measurements  among  shots  are  performed  by  comparing 
detected  signals  received  with  a  waveguide  stub  placed  at  a 
fixed  location  in  the  far  field  downstream  of  the  open  ended 
resonator. 

Two  significant  operating  regimes  using  the  single 
resonator  were  found.  The  first  regime,  operated  at  a  higher 
ratio  of  magnetic  field  to  beam  voltage  (330  gauss/775  kV), 
appears  to  be  attractive  for  the  two  stage  gyroklystron  (Figure 
1)  to  establish  an  initiating  beam  modulation  in  a  first  cavity. 
This  ratio  is  an  experimental  analog  to  Bfy,  the  crucial 
parameter  governing  the  cyclotron  frequency  of  the  rotating 
beam.  The  initial  bunching  in  the  first  cavity  would  be  allowed 
to  grow  as  the  beam  drifts  to  the  second  cavity.  This  operating 
regime  showed  significant  rf  production  both  with  and  without 
rf  input  drive,  indicating  a  tendency  for  the  device  to  oscillate. 
However,  when  rf  input  drive  was  present,  improvements  in  the 
pulse  length  of  the  detected  rf  power  signals,  pulse  energy, 
frequency  purity  of  the  fast  Fburier  transforms,  and  the  shot  to 
shot  statistical  consistency  were  observed.  For  example,  this 
operating  regime  yielded  rf  pulse  lengths  of  only  42  ns  when  the 
input  drive  was  off.  This  effect  represents  a  55  percent  increase 
in  pulse  length  due  to  the  presence  of  rf  input  drive.  Table  1 
summarizes  these  results.  Figure  2  depicts  typical  detected 
power  and  downconveited  mixer  signals  for  the  cases  of  no 
input  drive  and  4  kW  of  input  drive. 

The  second  operating  regime  appears  to  be  most 
applicable  to  a  single  stage  amplifier.  It  uses  a  slightly  lower 
ratio  of  magnetic  field  to  voltage  (340  gauss/850  kV).  In  this 
case  we  saw  a  significant  increase  in  output  power  and  energy 
using  input  rf  drive  of  4  kW.  .mpared  with  the  output  when  no 
input  rf  was  used.  While  unal  output  power  determinations 
have  not  yet  been  completed,  approximately  100  (+/-  3  dB)  MW 
of  additional  power  is  produced  from  the  device  when  4  kW  of 
input  drive  is  used.  This  corresponds  to  an  amplifier  gain  in 


Stub  Horn 

Duration 

RF  Energy 

FFTFreq 

FFT  FWHM 

(W) 

(ns) 

(*rb) 

(MHz) 

(MHz) 

Mean 

5450 

60 

3.27 

1285 

27 

Std.  Dev. 

729 

16 

0.98 

15 

17 

Input  Drive  Power  OFF,  Sample  Size  ■  17 


Stub  Horn  Duration 

RF  Energy 

FFTFreq 

FFT  FWHM 

(W) 

<«) 

(«rb) 

(MHz) 

(MHz) 

Mean 

7406 

42 

3.11 

1284 

36 

Std.  Dev. 

2089 

24 

1.98 

19 

25 

Table  1. 

Mean 

values  and 

standard 

deviations 

for  several 

performance  characteristics  comparing  the  cases  of  rf  input 
drive  on  and  off  fix  magnetic  field  strength  and  beam  voltage  of 
330  G  and  775  kV.  Listed  are  stub  horn  power  amplitude 
(watts),  rf  power  pulse  duration  (ns),  time  integrated  rf  energy 
(arbitrary  units),  and  fast  Fourier  transform  (FFT)  frequency 
spectra. 


No  Input  Dpve 


4  kW  of  Input  RF  Drive 

Shot  543  Detected  Stab  Horn  Power  Shot  543  Stub  Horn  Mirer,  L.O.  -  1175MHz 


Figure  2.  Typical  detected  diode  power  and  downconverted 
mixer  signals  for  the  cases  of  Table  1.  Stub  horn  power  is  10 
kW  full  scale.  The  FFT  scale  is  arbitrary,  and  the  same  for  both 
cases.  The  time  scale  is  20  ns/div. 

the  bandwidth  without  input  drive  (2.0%  vs  2.5%),  suggesting 
that  the  bandwidth  is  approaching  but  not  quite  at  the  Fourier 
limit,  growing  narrower  with  longer  pulse  length.  Saturated 
gain  has  not  yet  been  measured  due  to  temporary  difficulty  in 
connecting  a  more  powerful  input  drive  source  to  the 
experiment  Hence,  device  efficiency  as  a  percentage  of  electron 
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beam  power  has  not  been  determined.  Table  2  lists  the 
operating  conditions  which  yielded  significant  power  gain  in  the 
single  resonator  amplifier.  Figure  3  depicts  representative 
detected  power  and  downconveited  mixer  signals  for  the  two 
cases.  Using  the  method  described  above  for  estimating 
amplifier  output  power  from  the  stub  horn  power  <9807  W)  the 
total  power  radiated  was  137  MW. 

Summary 

The  study  and  construction  of  a  large  orbit  gyrotron  and 
two  stage  gyroklystron  amplifier  are  underway.  Modeling  and 
experiments  have  been  performed  to  design  these  devices. 
Experiments  are  ongoing  to  measure  and  optimize  the 
performance  of  the  single  stage  device,  in  preparation  for 
subsequent  two  stage  operation.  Improvements  in  the  quality  of 
the  rf  output  pulse  produce  by  the  first  (rf  input)  cavity  of  the 
device  have  been  found  as  the  result  of  injecting  input  rf  power 
into  the  cavity.  This  work  has  been  supported  by  the  Los 
Alamos  National  Laboratory  Independent  Research  and 
Development  Program,  sponsored  by  the  U.  S.  Department  of 
Enentv. 

RF  Input  Drive  Power  (4  kW)  ON,  Sample  Size  »  14 


Stub  Horn 
(W) 

Duration 

(IB) 

RF  Energy 
(mb) 

FFTFreq 

(MHz) 

FFTFWHM 

(MHz) 

Mean 

9807 

42.7 

269 

1280 

44.1 

Sid.  Dev. 

5318 

133 

1.78 

14.7 

37.9 

Input  Drive  Power  OFF,  Sample  Size  «  14 


No  Input  Drvwe 


Shot  790  Detected  Stub  Horn  Power  Shot  790  Stub  Horn  Mner,  L-O.  -  1 125  MHz 


No  Input  Drive 

Shot  782  Detected  Stub  Horn  Power  Shot  782  Stub  Horn  Mocr,  LO.  »  1 125  MHz 


4  kW  of  Input  RF  Drive 

Shot  789  Detected  Stub  Horn  Power  Shot  789  Stub  Horn  Miner,  L-O.  -  1 125  MHz 


Figure  3.  Typical  detected  power  and  downconveited  mixer 
signals  for  the  cases  of  Table  2.  Two  shots  without  input  drive 
are  shown  to  indicate  the  upper  and  lower  limits  of  self 
oscillation  with  no  drive  power.  Stub  horn  power  is  10  kW  full 
scale.  The  FFT  scale  is  arbitrary,  and  the  same  for  both  cases. 
The  time  scale  is  20  ns/div. 


Stub  Horn 
(W) 

Duration 

(“) 

RF  Energy 
(mb) 

FFTFreq 

(MHz) 

FFTFWHM 

(MHz) 

3060 

223 

0.67 

1286 

708 

2027 

19.1 

045 

173 

37.9 

Table  2.  Mean  values  and  standard  deviations  for  several 
performance  characteristics  comparing  the  cases  of  rf  input 
drive  on  and  off  for  magnetic  field  strength  and  beam  voltage  erf 
340  G  and  8S0  kV.  This  case  shows  clear  amplification  from  a 
single  stage  device. 
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Abstract 

Experimental  studies  of  amplification  and  stability  in  a 
series  of  multi -megawatt,  19.7  GHz,  second  harmonic 
gyroldystron  amplifier  tubes  suitable  for  driving  future  linear 
supercolliders  are  reported.*  Four  different  two-cavity 
gyroldystron  tubes  have  been  constructed  and  tested,  and  each 
one  has  exhftited  higher  power,  larger  efficiency,  and  im¬ 
proved  stability  compared  to  its  predecessor.  The  latest 
results  include  the  production  of  peak  output  powers  in  excess 
of  29  MW,  at  an  efficiency  of  27%  and  a  gain  erf  25  dB. 

1.  INTRODUCTION 

The  economical  construction  and  operation  of  linear  elec¬ 
tron-positron  colliders  with  center-of-mass  energies  in  excess 
of  1  TeV  will  require  the  development  erf  a  new  generation  of 
high-frequency  microwave  amplifiers.  Candidate  amplifiers 
should  be  capable  of  producing  approximately  100  MW,  1  fjs 
pulses  with  an  output  frequency  in  the  10-20  GHz  range. 
Pulse  compression  techniques  would  be  employed  to  further 
increase  the  output  power  level  to  several  hundred  MW  prior 
to  injection  into  the  accelerating  structure.  One  promising 
candidate  source  for  this  application  is  the  gyroldystron  am¬ 
plifier,  a  device  which  combines  the  energy  extraction 
mechanism  of  the  cyclotron  resonance  maser  and  the  ballistic 
bunching  approach  of  the  klystron.  Gyroldystrons  can  oper¬ 
ate  with  overmoded  cavities,  which  allows  the  production  of 
high  output  powers  with  low  current  density  beams  and  low 
cavity  electric  fields  compared  to  those  of  klystrons  and  other 
conventional  sources.  Furthermore,  the  electron  source  usu¬ 
ally  employed  in  gyroklystrons  (the  magnetron  injection  gun 
or  MIG)  exhibits  favorable  scaling  with  frequency  compared 
to  linear  beam  guns.  Over  the  past  several  years,  we  have 
developed  a  series  of  two-  and  three-cavity,  9.85  GHz 
gyroldystrons  which  ultimately  produced  24-27  MW  of  output 
power  for  1  /a  at  up  to  33%  efficiency  [1-3].  These  devices 
employed  the  TEgj,  mode  in  all  of  the  cavities,  and  produced 
amplified  power  via  a  fundamental  cyclotron  wave  interac¬ 
tion. 

In  order  to  increase  the  output  power  capability  of  a 
gyroklystron  at  any  particular  frequency,  a  larger  diameter 
electron  beam,  drift  tube,  and  output  cavity  must  be 
employed.  The  greater  degree  of  overmoding  in  these  larger 
structures  would  almost  certainly  lead  to  increased  mode 
competition  problems.  One  way  around  this  problem  is  to 
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operate  the  output  cavity  at  the  second  harmonic  of  the  drive 
frequency.  In  this  configuration  the  input  and  buncher  cavi¬ 
ties  are  designed  to  resonate  at  one-half  of  the  desired  output 
frequency.  The  output  cavity  extracts  energy  from  the  pre¬ 
bunched  beam  via  an  interaction  of  the  cavity  RF  fields  with 
the  beam's  second  harmonic  cyclotron  wave.  Further  advan¬ 
tages  of  this  device  over  purely  fundamental  systems  are 
lower  capital  costs,  simplified  cooling,  and  reduced  magnetic 
field  levels.  Alternatively,  the  harmonic  gyroklystron  can  be 
viewed  as  a  means  of  doubling  the  operating  frequency  with 
little  or  no  decrease  in  output  power  capability  compared  to  a 
fundamental  gyroklystron. 

To  test  the  viability  of  the  harmonic  concept  with  our 
existing  beam  generation  equipment,  we  have  constructed  a 
series  of  two-cavity,  second  harmonic  gyroklystrons  with 
TEoU,  9.85  GHz  input  cavities  and  TE^j,  19.7  GHz  output 
cavities.  The  studies  have  culminated  with  peak  powers  in 
excess  of  29  MW  at  19.76  GHz,  with  27%  efficiency  and  25 
dB  gain.  In  the  following  sections  we  will  describe  the 
experimental  setup  and  detail  the  most  recent  results. 

II.  EXPERIMENT 

The  modulator,  electron  gun,  magnet  system,  magnetron 
input  source,  and  beam  dump  for  the  second  harmonic  ex¬ 
periment  are  the  same  as  those  used  in  the  fundamental 
experiments.  The  electron  gun  produces  a  rotating,  small 
orbit,  annular  electron  beam  which  flows  into  the  microwave 
tube  under  test.  The  present  group  of  experiments  generally 
employs  beams  in  the  400-450  kV,  150-250  A  range  with 
computed  a  (vx/vz)  values  near  1.0.  The  2nd  harmonic 
gyroklystron  tidies  are  modified  versions  of  our  9.85  GHz 
two-cavity  devices.  The  old  9.85  GHz,  TEgjj  output  cavities 
were  replaced  by  TE^,  cavities  with  resonant  frequencies 
near  19.7  GHz.  Cavities  with  gradual  radial  transitions  were 
used  to  avoid  mode  conversion  to  the  TEg,  waveguide  mode 
and  help  achieve  a  high  forward-to-reverse  power  ratio.  In 
addition,  the  intercavity  drift  space  was  modified  to  improve 
the  attenuation  to  a  19.7  GHz,  TEgj  drift-tube  mode  while 
maintaining  good  attenuations  to  all  other  modes  in  the  6-13 
GHz  range.  This  was  generally  accomplished  by  modified 
placements  of  lossy  dielectrics  and  the  addition  of  resonant 
traps.  A  diagram  of  the  third  circuit  tested  is  shown  in  Fig. 
1. 

The  spent  electron  beam  and  output  radiation  pass 
through  a  nonlinear  uptaper  and  the  beam  dump,  and  the 
radiation  continues  through  a  second  non-linear  uptaper  and 
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a  X-resooant  window  into  either  an  anechoic  chamber  or  a 
large  directional  coupler/liquid  calorimeter.  New  nonlinear 
tapers  which  preserve  the  TE^  output  mode  were  employed 
in  these  experiments.  In  addition,  the  pickup  antenna  system 
in  the  anechoic  chamber  and  the  directional  coupler  were 
modified  for  K-Band  operation.  Peak  power  measurements 
obtained  with  each  of  the  three  measurement  systems 
(anechoic  chandler  +  crystal  detector,  directional  coupler  + 
crystal  detector,  and  liquid  calorimetry  differential  thermal 
measurements  +  coupler/crystal  detector  waveform  shape) 
were  found  to  agree  within  7%. 


at  19.76  GHz,  with  an  efficiency  of  27%  and  a  gain  of  25  dB. 
These  optimal  results  were  obtained  at  455  kV  and  238  A, 
with  an  a  of  about  1. 


Figure  2.  Typical  waveforms  from  Tube  4;  (a)  voltage,  (b) 
example  of  a  fairly  narrow,  high  power  pulse,  and  (c)  a  wider, 
moderate  power  pulse. 


in.  RESULTS 

The  first  tube  employed  a  long  (5  cm)  high-Q  (650)  output 
cavity  and  was  plagued  by  severe  instabilities  that  prevented 
amplification  at  the  second  harmonic.  The  instabilities 
resulted  from  fundamental  cyclotron  interactions  in  the  out¬ 
put  cavity  region.  A  second  tube  was  constructed  using  a 
shorter  (3  cm)  output  cavity  with  a  somewhat  lower  Q  (500) 
and  a  fairly  rapid  post-cavity  radial  uptaper.  It  also  employed 
an  improved  set  of  drift  tube  traps.  This  circuit  produced 
peak  amplified  powers  near  12  MW  at  19.74  GHz  with  an 
efficiency  of  i5%.  However,  performance  continued  to  be 
limited  by  a  variety  of  instabilities.  These  included  a  group  of 
1-4  MW,  TEu-like  modes  at  6-7  GHz  which  coexisted  with 
the  amplified  signal,  and  a  6.9  GHz  oscillation  which  would 
"cut"  into  the  amplified  signal  as  the  beam  a  and/or  current 
were  increased. 

Based  on  the  assumption  that  the  output  cavity  region 
continued  to  be  the  source  of  the  instabilities,  a  third  tube 
with  a  lower  Q  (350)  and  a  somewhat  steeper  post-cavity  up¬ 
taper  was  constructed.  It  produced  peak  powers  in  excess  of 
21.5  MW  at  19.76  GHz,  with  21%  efficiency  and  23  dB  gain 
[4],  These  results  were  obtained  with  a  437  kV,  232  A, 
a*<).9  electron  beam.  In  addition,  at  the  point  of  peak  power 
production  the  amplified  signal  strongly  suppressed  the  6-7 
GHz  background  instabilities.  Power  production  and  the 
range  of  stable  beam  parameters  were  still  limited  by  the 
onset  of  instabilities  at  6.9  and  12.7  GHz  Working  on  the 
possibility  that  the  19.7  GHz  resonant  trap  section  of  the  drift 
tube  was  creating  reflections  at  these  frequencies,  a  fourth 
tube  was  created  by  removing  the  traps  from  Tube  3  and 
replacing  them  with  extra  lossy  dielectric.  The  change  elimi¬ 
nated  the  instabilities  over  a  broad  range  of  beam  parameters. 
To  date  we  have  obtained  output  powers  in  excess  of  29  MW 


Figure  3.  Power  vs.  time  waveforms  from  Tube  2  (dotted). 
Tube  3  (dash),  and  Tube  4  (solid). 

Typical  output  power  vs.  time  waveforms  from  Tube  4  are 
shown  in  Fig.  2.  The  wider,  lower  power  pulse  (c)  was 
obtained  by  adjusting  the  magnetic  field  profile  to  over-bunch 
the  beam  in  the  input  cavity.  Fig.  3.  shows  the  highest 
reproducible  peak  power  waveforms  from  each  tube.  In  all 
cases  the  power  builds  up  slowly  over  time.  This  results  from 
a  gradual  increase  in  beam  a  over  the  duration  of  the  flattop 
of  the  voltage  pulse  [1].  This  effect,  due  to  compensation 
problems  in  the  resistive  divider  that  drives  the  modulation 
anode  in  the  gun,  combines  with  the  strong  sensitivity  of  sec¬ 
ond  h  nc  gyroklystrons  to  changes  in  a  to  produce  the 
triang  lses  observed. 

Sysu  .iuc  studies  of  output  power  as  a  function  of  beam 
voltage,  beam  current,  and  drive  frequency  in  Tube  3  are 
shown  in  Figs.  4,  5,  and  6,  respectively  (similar  studies  at  the 
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i  5.  Effect  of  beam  current  on  outy  ^  ^er  in  Tube  3. 


29  MW  level  in  Tube  4  are  just  getting  under  way  at  the  time 
of  writing).  In  each  study,  only  the  parameter  of  interest  is 
allowed  to  change  from  the  optimal  value;  the  other  parame¬ 
ters  and  the  circuit  magnetic  field  profile  remain  fixed.  How¬ 
ever,  at  each  point  on  the  graphs  the  magnetic  compression 
(beam  a)  was  adjusted  to  just  maintain  stability  and  therefore 
maximize  power.  In  the  voltage  study,  the  power  Mis  off  on 
either  side  of  the  optimal  value  (440  kV)  as  the  beam-wave 
interaction  slips  out  of  resonance.  '  the  beam  current  study, 
the  power  initially  rises  as  the  current  increases,  due  to  the 
existence  of  additional  beam  energy.  However,  at  high  cur¬ 
rents  the  power  falls  off  for  a  variety  of  reasons,  including  a 
decrease  in  beam  quality  (due  to  space  charge  effects),  beam- 
induced  detuning  of  cavity  resonances,  and  the  onset  of 
instabilities  (which  we  suppress  by  reducing  a,  and  thus  the 
amplified  power  decreases).  In  the  frequency  study,  the 
observed  FWHM  bandwidth  of  14  MHz  is  only  slightly 
smaller  than  the  value  expected  on  the  basis  of  the  cavity  Qs 
(*17  MHz). 

IV.  SUMMARY 

The  results  of  this  proof-of-principle  experiment  indicate 
that  second  harmonic  gyroklystrons  can  produce  large 
amounts  of  output  power  with  reasonable  efficiencies.  The 
powers  measured  in  the  latest  second  harmonic  tube  are 
actually  higher  than  those  obtained  in  our  earlier  two-cavity 
fundamental  experiments  (although  the  efficiency  is  some¬ 
what  lower).  These  results  suggest  an  advanced  capability  for 
driving  future  linear  supercolliders.  Future  experiments  will 
include  studies  of  harmonic  output  cavities  with  discrete 
radial  transitions  and  experimental  measurements  of  beam  a. 
A  100  MW  output  power,  17  GHz,  second  harmonic  experi¬ 
ment  with  a  new  electron  gun  and  an  upgraded  modulator  is 
also  under  construction  [3]. 
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Abstract 

At  the  University  of  Maryland,  we  are  explor¬ 
ing  the  suitability  of  gyroklystrons  for  linear  col¬ 
lider  applications.  In  this  paper  we  discuss  the 
design  of  a  two-cavity,  coaxial  gyroklystron  that  is 
designed  to  produce  over  100  MW  in  1  ps  pulses 
at  the  second  harmonic  of  the  cyclotron  frequency. 
We  detail  modifications  that  will  be  required  of  our 
test  facility,  present  the  simulated  performance  of 
a  400  MW,  500  kV  single-anode  Magnetron  Injec¬ 
tion  Gun,  and  describe  the  design  of  the  coaxial 
microwave  circuit. 

I.  INTRODUCTION 

In  an  effort  to  expand  the  frontiers  of  high- 
energy  physics,  e"-e+  colliders  with  center-of-mass 
energies  approaching  1  TeV  are  being  planned. 
These  machines  will  require  efficient,  reliable,  pulsed 
microwave  amplifiers  with  peak  power  levels  that 
exceed  the  current  state-of-the-art.  At  the  Univer¬ 
sity  of  Maryland,  we  have  been  performing  a  se¬ 
quence  of  experiments  based  on  the  cyclotron  res¬ 
onance  instability.  Initial  studies  with  fundamen¬ 
tal  mode  two-cavity  gyroklystrons  have  produced 
over  24  MW  of  power  at  9.87  GHz  in  1  fis  pulses 
with  32%  efficiency  and  34  dB  gain  in  the  TEoi 
mode  [1].  Recent  experiments  with  two-cavity  sec¬ 
ond  harmonic  tubes  have  produced  nearly  30  MW 
of  power  at  19.76  GHz  with  27%  efficiency  [2].  This 
performance  level  represents  the  maximum  we  can 
achieve  with  our  current  test  facility. 

We  are  currently  undertaking  a  major  upgrade 
of  our  facility  that  will  enable  us  to  pursue  ampli¬ 
fiers  in  the  100  MW  range.  Table  1  summarizes 
the  major  parameter  differences  between  the  cur¬ 
rent  (100  MW)  and  future  (400  MW)  test  facili¬ 
ties.  The  facility  is  shown  schematically  in  Fig.  1. 
Upgrades  to  our  line-type  modulator  include  dou¬ 
bling  the  number  of  PFNs  to  eight,  increasing  the 


Table  1:  System  parameters. 

100  MW 

400  MW 

Parameter 

System 

System 

Beam  voltage  (kV) 

440 

500 

Beam  current  (A) 

225 

800 

Velocity  ratio 

1.0 

1.5 

Avg.  beam  radius  (cm) 

0.78 

3.10 

Circuit  magnetic  field  (kG) 

5.45 

5.05 

Output  frequency  (GHz) 

19.75 

17.14 

Drive  power  (kW) 

100 

200 

current  capability  of  our  thyratrons,  and  reorga¬ 
nizing  the  HV  tank  to  decrease  stray  capacitance. 
The  latter  modification  should  yield  a  14%  increase 
in  our  voltage  capability,  as  indicated  in  Table  1. 
The  eight  water-cooled  magnetic  field  coils  will  re¬ 
main  unchanged  but  the  current  capability  of  the 
supply  which  drives  the  gun  coil  will  be  doubled. 
No  modifications  are  required  for  the  magnetron 
modulator,  but  the  magnetron  itself  will  be  re¬ 
placed  with  a  lower  frequency,  more  efficient  one. 
Furthermore,  the  output  waveguide  (nonlinear  ta¬ 
pers,  beam  dump,  and  output  window)  and  the 
microwave  diagnostics  will  have  to  be  replaced.  Fi¬ 
nally,  we  will  need  a  new  electron  gun  and  mi¬ 
crowave  circuit.  Progress  on  the  designs  of  these 
components  is  described  below. 

II.  ELECTRON  GUN 

A  single-anode  Magnetron  Injection  Gun  (MIG) 
was  selected  for  the  electron  gun  because  of  its 
simpler  configuration,  wider  range  [3],  and  absence 
of  an  intermediate  voltage  requirement.  The  new 
beam  guiding  center  (Table  1)  was  selected  to  keep 
the  current  density  in  the  circuit  region  equivalent 
in  the  two  systems.  The  standard  design  formal¬ 
ism  was  followed  [4]  and  EGUN  [5]  was  used  to 
perform  the  simulations. 
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Table  2:  MIG  parameters 


A.  Specifications 

Cathode  radius  (cm)  9.58 

Emitter  strip  length  (cm)  1.67 

Cathode  half-angle  40° 

Magnetic  compression  ratio  9.9 

Cathode  loading  (A/cm3)  5.95 

B.  Performance 

Axial  velocity  spread  (%)  6.70 

Space-charge  limiting  current  (A)  2,190 

Peak  electric  field  (kV/cm)  90.0 

Avg.  emitter  electric  field  (kV/cm)  51.6 
Beam  thickness  (cm)  1.28 


The  electrode  shapes,  together  with  the  beam 
envelopes,  are  shown  in  Fig.  2.  The  key  parameters 
are  listed  in  Table  2.  The  magnetic  compression  is 
fairly  low  and  the  beam  voltage  and  cathode  load¬ 
ing  have  been  achieved  before  [4].  The  velocity 
spread  indicated  is  at  the  nominal  current  of  600 
A  and  is  due  to  ballistic  considerations  only,.  The 
emitter  strip  is  curved  by  ±4°  to  minimize  this 
spread.  The  peak  cathode  field  is  also  compara¬ 
ble  to  the  previous  gun.  The  anode  electric  field 
nowhere  exceeds  30  kV/cm.  The  nominal  current 
is  less  than  28%  of  the  space-charge  limit.  Beam 
electrode  clearance  in  the  circuit  region  is  approx¬ 
imately  1.1  mm. 

The  dependence  of  velocity  spread  on  beam 
current  is  shown  in  Fig.  3.  The  current  affects 
the  velocity  ratio  due  to  self-field  effects;  these  are 
compensated  for  by  adjusting  the  magnetic  field 
at  the  cathode.  Axial  spread  approaches  6.4%  as 
the  current  approaches  zero  and  remains  below  9% 
through  the  entire  current  range.  This  wide  cur¬ 
rent  range  is  directly  attributed  to  laminar  flow  in 
the  single-anode  MIG. 

III.  MICROWAVE  CIRCUIT 

A  schematic  of  the  coaxial  two-cavity  microwave 
circuit  is  shown  in  Fig.  4  and  the  nominal  cir¬ 
cuit  parameters  are  given  in  Table  3.  The  in¬ 
put  cavity  is  defined  by  sharp  transitions  in  the 
radial  wall.  It  is  driven  in  the  TEon  mode  at 
half  the  output  frequency  via  a  slot  in  the  outer 


Table  3:  Microwave  circuit  parameters. 


Section 

Inner 

radius 

(cm) 

Outer 

radius 

(cm) 

Length 

(cm) 

A.  Input  Cavity,  Q  =  60 

1 

2.000 

4.205 

2.000 

B.  Drift  Tube 

1 

2.325 

3.825 

5.000 

C.  Output  Cavity 

1 

2.234 

3.920 

0.978 

2 

1.914 

4.205 

0.922 

3 

2.358 

3.798 

0.422 

4 

2.356 

4.415 

— 

wall.  The  quality  factor  is  defined  in  part  by  two 
thin  carbon-impregnated  Aluminum- Silicate  rings 
located  against  the  cavity  end  walls.  The  drift 
tube  will  be  loaded  with  various  lossy  ceramics  to 
achieve  stable  operation.  The  radii  are  chosen  so 
that  only  the  TEn,  TE^  and  TE31  modes  are  not 
cut  off  at  the  operating  frequency.  The  output  cav¬ 
ity  operates  predominantly  in  the  TE021  mode  at 
a  point  relatively  close  to  cutoff.  There  is  an  inter¬ 
mediate  step  in  the  radius  of  the  main  section  to 
minimize  the  amount  of  power  in  the  TE01  mode 
which  is  directed  into  the  drift  region. 

With  an  axial  velocity  spread  of  9.5%  and  a 
pitch  angle  of  1.5,  this  circuit  achieved  25%  effi¬ 
ciency;  with  no  velocity  spread  the  efficiency  was 
around  35%.  The  relatively  low  efficiency  is  due  to 
interaction  with  the  third  harmonic,  which  acceler¬ 
ates  rather  than  decelerates  particles.  This  places 
a  constraint  on  the  magnetic  field  and  reduces  our 
operating  parameter  range.  We  are  looking  into 
ways  to  decrease  the  effectiveness  of  the  third  har¬ 
monic  interaction  and  thus  increase  our  efficiency. 

We  are  currently  considering  two  changes  in  the 
microwave  circuit.  The  first  is  to  incorporate  a 
TEosi  output  cavity.  This  would  increase  the  sep¬ 
aration  to  neighboring  modes  and  promote  stable 
operation.  The  second  change  is  to  use  nonlinear 
tapers  rather  than  abrupt  transitions  to  define  the 
output  cavity.  This  should  help  improve  mode  pu¬ 
rity  and  the  left-to-right  power  ratio. 
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GUN  COIL 


Figure  1:  The  gyroklystron  test  facility. 


beam  envelope  of  the  single-anode  MIG. 
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Figure  3:  The  dependence  of  velocity  spread  on 
current.  The  circles  indicate  spread;  the  squares 
denote  cathode  magnetic  field. 


Figure  4:  The  coaxial  microwave  circuit. 
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I.  INTRODUCTION 

Gyroamplifiers  are  very  promising  sources 
of  coherent,  phase- controlled,  powerful  elec¬ 
tromagnetic  radiation  for  driving  future  par¬ 
ticle  accelerators.  At  a  given  wavelength  the 
interaction  space  in  gyroamplifiers  is  much 
larger  than  that  for  klystrons.  Therefore,  gy¬ 
roamplifiers  usually  operate  at  short  wave¬ 
lengths  (~  3  cm)  where  the  problem  of  minia¬ 
turization  of  the  interaction  space  is,  for  con¬ 
ventional  klystrons,  extremely  severe. 

Two  years  ago  the  operation  of  relativis¬ 
tic  gyroklystrons  in  a  10  GHz  frequency  range 
was  successfully  demonstrated  [1].  The  next 
step  in  the  gyroamplifier  development  is  di¬ 
rected  towards  improvement  of  electronic  ef¬ 
ficiency,  enhancement  of  radiated  power  and 
an  increase  in  operating  frequency.  Some  con¬ 
cepts  of  relativistic  gyroamplifiers  aimed  at 
improving  these  output  parameters  are  con¬ 
sidered  below. 

II.  GYROKLYSTRON  WITH  ZERO 
TRANSIT  ANGLE  IN  A  DRIFT  REGION 

Electron  velocity  spread  is  one  of  the  most 
important  factors  reducing  the  efficiency  of 
gyroklystrons  as  well  as  other  microwave  tubes 
Since  in  gyroklystrons  the  first,  modulating 
cavities  are  separated  from  the  output  cav¬ 
ity  with  a  rather  long  drift  region  it  is  desir¬ 
able  to  minimize  the  effect  of  electron  velocity 
spread  on  electron  transit  through  the  drift 
space.  We  will  show  that  this  can  be  done  by 
minimizing  the  electron  transit  angle  through 
the  drift  space, 

©<lr  =  /  [(W  -  dz. 

Jo 


Here  u>  and  Q  are  the  operating  frequency  and 
electron  cyclotron  frequency,  respectively,  vz 
is  electron  axial  velocity,  and  Ldr  is  the  length 
of  the  drift  region. 

For  a  two-cavity  gyroklystron  the  electron 
gyrophase  relative  to  the  electromagnetic 
(EM)  field  phase  at  the  entrance  to  the  out¬ 
put  cavity  may  be  written  as  Oent  =  0o  — 
q sin  0O  —  ©dr  •  Here  0O  is  the  initial  gyrophase 
at  the  entrance  to  the  first  cavity  and  q  is 
the  bunching  parameter  proportional  to  the 
field  amplitude  in  the  first  cavity  and  the  drift 
space  length,  L^r.  Both  q  and  0jr  depend  on 
electron  velocity  spread. 

We  studied  the  effect  of  pitch  angle  spread 
(a  =  v±/vz  is  the  pitch  angle,  i.e.  the  ra¬ 
tio  of  orbital  to  axial  electron  velocity  com¬ 
ponents)  in  a  monoenergetic  electron  beam 
on  the  efficiency  of  relativistic  gyroklystrons. 
The  equations  of  motion  of  relativistic  elec¬ 
trons  averaged  over  fast  electron  gyration  were 
used.  The  axial  structure  of  the  output  res¬ 
onator  field  was  described  by  sin (ttz/L).  The 
orbital  velocity  spread  was  described  by  a 
triangular  distribution  with  the  width  corre¬ 
sponding  to  a  6%  RMS  spread.  The  oper¬ 
ating  voltage  was  taken  close  to  500  kV  and 
both  the  bunching  parameter  and  the  pitch- 
ratio  for  the  central  fraction  of  the  electron 
beam  were  equal  to  one. 

First  we  found  the  dependence  of  the  elec¬ 
tron  efficiency,  optimized  with  respect  to  the 
phase  of  the  EM  field  and  the  cyclotron  reso¬ 
nance  mismatch  in  the  output  cavity,  on  the 
field  amplitude  and  the  length  of  this  cav¬ 
ity  for  the  ideal  electron  beam  (no  velocity 
spread).  Then  we  considered  the  effect  of 
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spread  for  two  cases:  a)  magnetic  field  con¬ 
stant  along  the  drift  region  and  output  cavity, 
b)  magnetic  field  in  the  drift  region  tapered 
so  that  the  transit  angle,  ©<*.,  is  close  to  zero 
for  all  electrons.  It  was  found  that  for  pa¬ 
rameters  predicting  44%  efficiency  of  opera¬ 
tion  with  the  ideal  beam  the  velocity  spread 
in  the  first  case  reduces  the  achievable  effi¬ 
ciency  to  29%.  At  the  same  velocity  spread 
the  corresponding  tapering  of  magnetic  field 
in  a  drift  region  permits  one  to  realize  36% 
efficiency.  So,  it  becomes  possible  to  mitigate 
the  spoiling  effect  of  velocity  spread  on  the 
gyroklystron  efficiency  about  2  times  by  cor¬ 
responding  tapering  of  the  magnetic  field  in 
the  drift  space. 

III.  CONCEPTS  OF  GYROAMPLIFIERS 
FOR  WAVELENGTH  SHORTENING 

In  general,  for  gyrodevices  operating  at 
the  cyclotron  resonance  condition,  to  provide 
the  operating  frequency  increase  one  has  to 
increase  the  external  magnetic  field.  That 
makes  the  microwave  system  (including  mag¬ 
nets)  more  expensive.  However,  there  are  two 
possibilities  for  increasing  the  operating  fre¬ 
quency  at  a  fixed  value  of  the  magnetic  field. 
Both  of  them  follow  from  the  cyclotron  reso¬ 
nance  condition 

u)  —  kzvz  ~  sQ 

where  kz  is  the  axial  wavenumber  and  s  is  the 
resonant  cyclotron  harmonic  number.  These 
are  operation  at  high  cyclotron  harmonics  (s  > 
1)  and  operation  with  a  large  Doppler  fre¬ 
quency  upshift.  The  latter  gyroamplifiers  are 
known,  in  the  case  of  moderate  frequency  up¬ 
shift,  as  gyrotwistrons. 

Theoretical  studies  of  the  cyclotron  har¬ 
monic  and  Doppler  upshifted  operation  of  gy¬ 
roamplifiers  with  the  same  operating  frequency 
and  magnetic  field,  the  same  electron  beam, 
the  same  prebunching  cavity  and  drift  space, 
were  started  in  (2).  It  was  shown  that  in  the 


case  of  an  ideal  electron  beam  the  Doppler 
upshifted  operation  is  more  efficient  (46%  ver¬ 
sus  26%  for  the  second  harmonic  gyroampli- 
fier).  Then,  electron  velocity  spread  causes 
the  degradation  in  efficiency  which,  in  princi¬ 
ple,  for  the  frequency  upshifted  operation,  is 
more  pronounced  than  for  the  harmonic  one. 
The  latest  studies  show  that,  nevertheless, 
the  optimized  efficiency  of  gyrotwistron  op¬ 
eration  becomes  equal  the  efficiency  of  ideal 
second  harmonic  operation  (26%)  only  when 
the  RMS  value  of  the  pitch-angle  spread  is 
about  22%  (at  this  velocity  spread  the  maxi¬ 
mum  second  harmonic  efficiency  is  only  16%). 
So  for  a  wide  range  of  electron  velocity  spreads 
the  frequency  upshifted  operation  of  the  gy¬ 
rotwistron  may  be  more  efficient  than  that  of 
the  second  harmonic.  This  is  because  in  the 
case  of  operation  with  large  axial  wavenum¬ 
bers  (like  in  gyrotwistrons)  the  energy  may 
be  extracted  from  both  the  rotational  and 
axial  electron  motion.  Note  that  successful 
second  harmonic  operation  of  the  relativis¬ 
tic  gyroklystrons  has  been  recently  demon¬ 
strated  [3]  and  experiments  with  relativistic 
gyrotwistrons  are  planned. 

The  authors  are  thankful  to  0.  Dumbrajs 
for  his  valuable  help  in  numerical  simulations. 

This  work  was  supported  by  the  U.S.  De¬ 
partment  of  Energy. 

IV.  REFERENCES 

1.  W.  Lawson  et  al.,  Phys.  Rev.  Lett.  67, 
520  (1991). 

2.  G.S.  Nusinovich,  P.E.  Latham  and  H. 
Li,  Conference  Digest  of  the  17th  In¬ 
ternational  Conference  on  Infrared  and 
Millimeter  Wares,  December  1992,  p. 
136. 

3.  J.  Calame,  et  al.,  these  proceedings. 


EXPERIMENTAL  PROGRESS  TOWARD  A  1  GW,  1  \\S  PULSE  LENGTH, 
HIGH  CURRENT  RELATIVISTIC  KLYSTRON* 

M.  Fazio,  B.  Carlsten,  R.  Faehl,  W.  Haynes,  T.  Kwan,  R.  Stringfield 
Los  Alamos  National  Laboratory 
MS  H851,  Los  Alamos,  NM  87545 


Abstract 

A  1  ns  pulse-length,  high-current  relativistic  klystron 
is  being  developed  with  a  desired  peak  output  power  of  1  GW 
at  13  GHz.  The  tube  consists  of  an  input  cavity,  a  single 
idler  cavity,  and  an  output  cavity.  Power  levels  as  high  as 
475  MW  have  been  experimentally  observed.  Current 
experimental  results  are  presented.  Physics  and  engineering 
issues  affecting  klystron  performance  are  discussed. 

L  INTRODUCTION 

Los  Alamos  is  developing  an  L-band  high  current 
relativistic  klystron  amplifier  (RKA).  Although  the  present 
experiments  are  single  pulse,  the  long  term  goal  is  to  achieve 
1  kJ/pulse  with  repetitive  pulse  capability  at  a  PRF  of  5  Hz, 
with  a  longer  term  goal  of  100  Hz.  The  RKA  has  an  input 
cavity,  a  single  idler  cavity,  and  an  output  cavity.  The 
buncher  section,  which  consists  of  the  input  and  idler  cavities, 
has  been  experimentally  tested  and  is  performing  as  designed. 
The  design  was  done  with  the  help  of  particle-in-cell  (PIC) 
code  calculations  using  the  Los  Alamos  code  ISIS.  PIC  code 
modeling  has  proven  to  be  very  important  for  a  successful 
design  because  of  the  highly  nonlinear  nature  of  the  RKA 
caused  by  the  intense  space  charge  effects.[l]  The  most  recent 
efforts  involve  improving  the  performance  of  the  output  cavity 
and  optimizing  the  output  power  and  pulse  length  to  reach  the 
design  goal  of  1  kJ/pulse.  A  number  of  expected  problems 
have  been  encountered  with  the  output  cavity  that  are  being 
systematically  addressed.  These  problems  include  rf 
breakdown  in  the  cavity  and  matching  die  beam  impedance  to 
the  cavity  gap  shunt  impedance  for  the  most  efficient  coupling 
of  modulated  beam  to  microwaves.  This  paper  summarizes 
the  the  current  experimental  results.  The  electron  gun  and  the 
modulation  section  consisting  of  the  input  and  idler  cavities 
have  been  discussed  elsewhere.  [2-4] 

D.  EXPERIMENTAL  WORK 

The  RKA  configuration  is  shown  schematically  in 
Fig.  1.  The  electron  beam  is  formed  from  a  6.2  cm-diameter 
annular  field-emission  cathode  and  is  slightly  compressed  by  a 
converging  0.5  T  axial  magnetic  field  to  a  nominal  5.9  cm 
diameter  beam  with  a  5  mm  thickness.  The  typical  beam 
voltage  is  620  kV  with  the  current  increasing  from  3  to  6  kA 
during  the  pulse.  This  increase  is  caused  by  the  drop  in 
electron  gun  impedance  due  to  plasma  closure  of  the  anode- 
cathode  gap  during  the  pulse.  The  input  cavity  is  driven  by  a 
500  kW  L-band  magnetron.'  The  idler  cavity  has  an  annular 


*  Work  supported  and  funded  jointly  by  DOE  Defense 
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tuning  ring  which  gives  flexibility  in  inductively  tuning  the 
cavity.  The  output  cavity  is  a  noseless  pillbox  design  with 
several  annular  coupling  slots  near  the  outer  diameter  which 
couples  power  into  a  low  impedance  coaxial  transmission  line. 
The  coax  tapers  out  into  standard  6-inch-diameter,  50  Q  line 
where  power  is  measured  by  a  directional  coupler  with  25  dB 
directivity  and  then  dissipated  in  a  dummy  load. 

The  complete  klystron  tube  has  been  assembled  and 
is  undergoing  testing.  The  beam  modulation  section 
consisting  of  die  input  cavity  and  idler  cavity  is  performing  as 
designed,  and  is  providing  a  modulated  electron  beam  with  a 
harmonic  curent  Ii*  0.6  Io  where  Ij  is  the  fundamental 
harmonic  at  1.3  GHz,  and  Iq  is  the  dc  beam  current.  The 
extracted  rf  power  has  been  increased  from  about  10  MW  to 
475  MW.  Currently  about  475  MW  of  peak  power  is  being 
extracted  from  the  output  cavity  in  a  pulse  of  1  ps  duration. 
The  energy  residing  in  the  pulse  is  about  140  J. 

A  graph  showing  the  output  power  overlaid  with  the 
beam  voltage  and  current  is  shown  in  Fig.  2.  The  rf  output 
power  pulse  shape  approximately  follows  the  beam  current 
shape  until  the  rf  output  terminates  at  the  peak  value  of  375 
MW.  At  this  time  the  total  rf  pulse  energy  is  about  160  J. 
The  rf  pulse  terminates  before  the  beam  voltage  and  current 
reach  their  maximum  values.  It  is  not  yet  certain  why  the  rf 
pulse  is  terminating  prematurely.  The  most  reasonable 
explanation  is  that  the  output  cavity  gap  field  is  high  enough 
to  reflect  electrons  back  up  the  beam-line  and/or  start  some 
oscillation  phenomenon  such  as  a  virtual  cathode.  At  the  time 
the  rf  pulse  terminates,  a  highly  rf  modulated  electron  beam 
pulse  propagates  upstream  and  is  detected  by  B-dot  loops 
located  in  the  idler  cavity  and  input  cavity,  and  by  the 
directional  coupler  between  the  drive  magnetron  and  the  input 
cavity.  All  of  these  signals  have  a  spike  at  the  time  the  rf 
output  power  goes  away.  These  signals  are  bandpass  filtered 
with  a  bandwidth  of  several  hundred  MHz  around  1.3  GHz,  so 
the  spike  appears  to  be  the  result  of  an  rf  modulation  on  the 
beam  traveling  back  up  the  beam  toward  the  cathode.  The 
interpretation  of  the  observation  could  be  complicated  by  the 
fact  that  the  output  gap  could  be  breaking  down  at  this  time  as 
well.  In  Fig.  3  is  the  trace  representing  the  magnetron's 
reflected  power  (or  power  flowing  from  the  input  cavity  toward 
the  magnetron).  The  spike  at  2.3  |is  is  the  result  of  the 
electron  reflection  back  upstream.  The  electron  reflection  is  a 
manifestation  of  the  intense  beam's  space  change  effects 
resulting  in  the  severe  potential  depression  of  the  beam  as  it  is 
decelerated  in  the  output  gap. 
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Fig.  1.  Schematic  diagram  of  the  RKA. 


(  - )  OUTPUT  POWER  (100  MW/div)  :  375  MW  peak 
( — )  BEAM  VOLTAGE  (200  kV/div)  :  580  kV  peak 
(--• )  BEAM  CURRENT  (2  kA/div)  :  6.3  kA  peak 


Fig.  2.  Rf  output  power  overlaid  with  the  beam  voltage  and  Fig.  3.  Magnetron's  reflected  power  signal  (power  flowing 
current  from  the  input  cavity  toward  die  magnetron).  The  spike  at  2.3 

|ts  is  the  result  of  the  electron  reflection  in  the  upstream 
direction  from  the  output  cavity. 

III.  DESIGN  MODIFICATIONS 

The  power  extracted  can  be  expressed  as  desired  gap  geometry,  and  a  significantly  lower  shunt 

impedance  and  loaded  Q.  This  will  lower  the  output  gap 
voltage,  thereby  eliminating  electron  reflection  and  rf 
p  —1/  y  breakdown  across  the  gap.  Once  the  electromagnetic  cavity 

*’*  2  1  btaM  simulations  are  complete,  the  new  cavity  geometry  will  be 

compared  to  the  old  geometry  with  the  particle-in-cell  code 
ISIS  to  model  the  electron  beam  in  the  gap  to  determine  if  die 
where  l\  is  the  beam's  average  fundamental  harmonic  current  problems  have  been  sufficiently  adAreyd 
in  the  output  cavity  and  V^eam  is  the  available  voltage  that  The  new  pillbox-shaped  cavity  has  a  considerably 

can  be  extracted  from  the  beam  before  the  space-charge  smaller  outside  diameter  which  will  make  the  cavity  less 
limiting  current  is  reached.  To  efficiently  couple  the  rf  likely  to  induce  virtual  cathode  formation  caused  by  the  large 
energy  from  die  modulated  beam,  the  output  cavity  must  have  space -charge  bunches  passing  through  the  gap.  The  design  Q 
a  low  enough  shunt  impedance  that  the  gap  voltage  induced  by  is  about  4.  The  decreased  Q  will  help  prevent  the  cavity  fields 
l\  does  not  exceedV'tean.  A  very  low  cavity  shunt  impedance  from  reaching  the  point  where  electrons  are  reflected.  The 
is  necessary  to  efficiently  couple  to  the  low  impedance  beam.  coupling  slots  have  been  increased  in  both  height  and  angular 
The  loaded  Q  (without  beam)  of  the  output  cavity  in  width, 
these  most  recent  experiments  was  about  10.  This  is 

obviously  not  low  enough.  We  have  started  an  overall  redesign  IV.  SUMMARY 

of  the  output  cavity  using  a  three  dimensional  rf  structures 

simulator  program  (HFSS-High  Frequency  Structures  A  three  cavity  high-current  relativistic  klystron  is 

Simulator)  to  confirm  that  the  new  cavity  will  have  the  operating  at  1.3  GHz  with  a  peak  power  of  475  MW  and  an 


0.5  its/div 
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energy  per  pulse  of  about  ISO  J.  The  rf  pulse  length  is  1  ps. 
The  limit  to  performance  is  the  output  cavity  which  has  a 
shunt  impedance  high  enough  to  produce  electron  reflection, 
and  possibly  virtual  cathode  oscillations,  leading  to  beam 
disruption  and  rf  termination.  An  effort  is  underway  to  build  a 
new  output  cavity  with  a  much  lower  shunt  impedance  in 
order  to  reach  the  goal  of  1  GW  peak  power  and  an  energy  of  1 
kj  in  a  1  |i*  pulse. 
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Abstract 


A  novel  plasma  klystron  amplifier  is  presented  in 
which  current  modulation  of  a  relativistic  electron  beam  is 
achieved  by  the  unstable  two-stream  interaction  between  the 
election  beam  and  a  plasma  column.  A  model  to  describe 
current  modulation  is  developed.  Due  to  a  relatively  large 
growth  rate  of  the  instability,  required  interaction  length  of  the 
beam  and  plasma  column  is  short  for  most  applications.  A 
full  current  modulation  can  be  achieved  in  the  plasma  klystron 
amplifiers. 


I.  INTRODUCTION 

The  generation  of  intense  coherent  radiation  from  the 
relativistic  klystron  amplifiers1'5  (RKA)  is  one  of  the  renewed 
interests  in  the  microwave  community,  because  of  high-power 
capability  and  high  efficiency  of  RKA.  High-power 
relativistic  klystron  amplifiers  have  various  applications, 
including  the  high-gradient  RF  accelerators  and  high-power 
radar.  One  of  the  main  issues  in  RKA  is  enhancement  of 
power  and  frequency  simultaneously.  Cavity  size  and  opening 
should  be  reduced  to  increase  the  excitation  frequency. 
Therefore,  a  high-power  high-frequency  klystron  amplifier  has 
inherent  problems  due  to  reduced  size  of  cavities,  including 
election  emission  at  the  gap  opening  and  shorting,  etc.  In 
addition,  high-power  RF  signal  is  needed  in  the  input  cavity 
for  high-power  klystrons.  In  older  to  eliminate  some  of  these 
intrinsic  problems  in  the  high-power  RKA,  I  present  a  novel 
plasma  klystron  amplifier  in  which  current  modulation  of  the 
electron  beam  is  accomplished  by  the  two-stream  interaction 
between  the  beam  and  plasma  column.  Because  of  a  large 
growth  rate  of  the  two-stream  instability,  interaction  length  of 
the  plasma  klystron  is  short. 

As  illustrated  in  Fig.  1,  a  relativistic  annular  electron 
beam  with  radius  of  R^  eaters  the  drift  tube  with  radius  of  Rc. 
In  the  plasma  klystron,  there  are  no  intermediate  passive 
cavities,  which  often  present  problems  associated  with  self¬ 
oscillation  and  RF  breakdown.  The  electron  beam  is  pre¬ 
modulated  at  the  first  cavity  before  it  enters  a  space  between 
the  drift  tube  wall  and  a  plasma  column  with  radius  of  R_. 


This  work  was  supported  in  part  by  the  Independent  Research  Fund 
at  the  Naval  Surface  Warfare  Center  and  in  part  by  SDIO/IST. 


An  axial  electric  field  accompanied  by  the  modulated  electron 
beam  excites  space  charge  waves  in  the  plasma  column,  which 
acts  like  a  inductive  medium  amplifying  the  electrostatic 
waves.  The  physical  mechanism  of  self-amplification  of  the 
electrostatic  waves  is  the  longitudinal  two-stream  instability  of 
the  beam-plasma  system. 
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Fig.  1.  A  Schematic  presentation  of  plasma  klystron  amplifier. 

II.  STABILITY  ANALYSIS 

Analysis  of  the  two-stream  instability  of  the  beam- 
plasma  system  is  carried  out  within  the  framework  of  the 
linearized  hybrid-Maxwell  equations,  where  beam  electrons 
are  described  by  the  Vlasov  equation  and  plasma  electrons  are 
described  by  a  cold-fluid  model.  In  the  stability  analysis,  we 
adopt  a  normal  mode  approach  in  which  all  perturbations  are 
assumed  to  vary  according  to  &$(x,t)  =  ®(r)exp[i(kz  -  at)], 
where  a  is  the  eigen  frequency  and  k  is  the  axial  wavenumber. 
The  eigenfunction  of  the  longitudinal  two-stream  instability  is 
the  axial  electric  field  Ez(r). 

To  solve  the  eigenvalue  equation,  we  assume  that  the 
plasma  density  is  uniform  inside  and  drops  abruptly  at  r  = 
Rp.  For  the  present  purpose,  the  stability  analysis  is  restricted 
to  the  long-wavelength  low-frequency  perturbations.  Under 
these  conditions,  the  eigenvalue  equation  is  obtained6,7  and 
solved,  and  the  dispersion  relation  of  the  two-stream 
instability  is  expressed  as 
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plasma  klystron  amplifiers  can  be  produced  by  thermionic  arc 
discharges9,10.  These  discharge  devices  are  frequently 
operated  at  the  room-temperature  vapor  pressure  of  mercury, 
which  provides  plasma  densities  in  the  range  from  n_  =  lCr 
cm'3  to  n_  =  1013  cm'3  for  10-to-30  cm  long  discharge 
tubes. 


m.  NONLINEAR  MODE  EVOLUTION 


where  the  parameters  and  c_  are  the  beam  and  plasma 
dielectric  effects,  and  the  geometrical  factor  g  is  defined  by  g 
=  ln(Rb/Rp)/ln(Rc/Rp).  Equation  (1)  can  be  used  to 
investigate  properties  of  the  longitudinal  two-stream  instability 
in  an  annular  electron  beam  propagating  through  a  plasma 
column. 


Stability  analysis  of  the  dispersion  relation  in  Eq.  (1) 
is  carried  out  in  a  special  case  when  the  beam  contacts  the 
plasma,  i.e.,  g  =  0.  Then,  the  last  term  in  Eq.  (S)  is 
neglected  and  the  dispersion  relation  is  significantly 
simplified.  Defining  the  phase  velocity  of  the  unstable  wave 
by  u/k  =  Ppc,  the  instability  condition  is  given  by8 

<«r  *  «jv  >  yK.  » 

where  y  2  =  (1-Pp2)-1.  The  electron  beam  velocity  in  the 
plasma  klystron  amplifier  is  close  to  the  speed  of  light  (Pb  - 
1)  for  high  power.  Instability  occurs  only  when  the  parameter 
e_  is  in  the  order  of  unity  or  larger,  as  we  have  seen  in  Eq. 
(2).  In  this  context,  we  conclude  that  the  plasma  klystron 
amplifier  requires  an  opaque  plasma.  The  parameter  is 
much  less  than  unity  for  most  applications,  satisfying  ej,  <  < 
ep.  In  this  case,  the  phase  velocity  of  the  unstable  wave  is 
close  to  the  beam  velocity  and  the  dispersion  relation  in  Eq. 
(1)  is  further  simplified.8  Defining  Doppler-shifted  frequency 
x  =  (co-kpbc)/kc,  it  is  shown  that  the  mar  mum  growth  rate 
occurs  at  the  phase  velocity  satisfying  B  _/SH  = 
<y«b)1'3'f>  +<y«b)1'3]  and  is  givm  by®  P 

-  I «M  -  P) 

2y*  2 


For  the  present  purpose,  we  consider  an  example 
where  an  annular  electron  beam  with  radius  of  =  2  cm 
and  energy  of  yb  =  1.67  enters  a  drift  tube  with  a  radius  of 
Rc  =  2.5  cm.  lie  drift  tube  contains  a  plasma  column  whose 
radius  is  Rp  =  2  cm  and  density  is  Up  =  6.5  x  1011  cm'3. 
For  these  pfoma  conditions,  «p  is  calculated  to  be  e_  =  0.7. 
The  electron  beam  current  is  assumed  to  be  5.5  kA,  which 
corresponds  to  =  0.037  for  the  beam  parameters 
mentioned  above.  The  normalized  electron  beam  velocity  is 
Pb  *  0.8.  Note  that  these  beam  and  plasma  parameters 
satisfy  the  instability  criterion  in  Eq.  (2).  Therefore,  the 
normalized  growth  rate  Xj  is  estimated  to  be  xj  =  0.17 
obtained  from  Eq.  (3).  The  plasma  column  needed  for  the 


We  now  describe  the  current  modulation  of  an 
electron  beam  propagating  through  the  space  between  the 
plasma  column  and  drift  tube  wall.  An  axial  electric  field 
accompanied  by  the  pre-modulated  electron  beam  eaters  this 
region  and  initiates  excitation  of  the  space  charge  waves. 
Strength  of  this  axial  electric  field  is  determined  in  terms  of 
the  system  parameters  prior  to  this  region.3  The  plasma 
column  responds  to  the  initial  perturbations  of  the  axial 
electric  field  and  amplifies  the  field  strength  by  acting  as  an 
inductive  medium.  The  physical  mechanism  of  the  field 
amplification  is  the  two-stream  instability  mentioned  above. 
We  assume  the  initial  condition  that  a  beam  segment  labeled 
by  to  enters  the  region  at  time  t  =  Iq.  Then,  the  axial  electric 
field  Ez(z,to)  acting  on  die  beam  segment  Iq  is  expressed  as 

£,(C.0)  -  -  £^exp(x(C/p*)8ln6,  <«> 

where  Eq  is  the  initial  axial  electric  field,  (  -  «z/pbc  is  the 
normalized  propagation  distance,  0  =  otg  is  the  normalized 
time  and  X;  is  the  normalized  growth  rate  of  the  instability 
obtained  in  Eq.  (3). 

Energy  modulation  of  the  beam  segment  labeled  by 
8  is  obtained  from  dy/dz  =  -eE^/mc2.  Without  loss  of 
generality,  we  assume  that  the  axial  coordinate  z  equals  zero 
at  the  beginning  of  the  plasma  column.  Integrating  along  the 
propagation  distance  and  neglecting  the  initial  modulation,  we 
obtain  the  relativistic  mass  ratio 

y(C.6)  -  y»  ♦  ecexpfoC/pJslne,  (5) 


of  the  segment  6  at  the  propagation  distance  C-  In  Eq-  (5), 
«q  =  Pb2eEQ/mc«Xj  <  <  1.  The  instantaneous  velocity 
P((,0)c  of  the  beam  segment  6  is  expressed  as 


+ 


Yt~Y 

Y*(Y*-1)’ 


(6) 


where  Pbc  is  the  beam  velocity  at  the  injection  point.  Making 
use  of  the  velocity  definition  dz/dt  =  Pc  and  the  definition  f 
=  cot,  we  obtain 

<p  -  0  -  C  -  eexp(—  ()sine,  (7) 

p* 
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where  use  has  been  made  of  the  fact  that  the  parameters  <  - 
>4oPb^b(Yb2*1)xi  <  <  *•  Equation  (7)  relates  the  present 
time  t  to  the  initial  time  tg.  Differentiating  9  in  Eq.  (7)  with 
respect  to  6  gives 

-  1  -  «exp(-^Ocoae.  (8) 

m  Pt 


The  beam  current  at  the  injection  point  is  a  constant 
value  of  Ib.  The  beam  segment  tg  passes  the  injection  point 
at  time  t  =  tg.  When  this  segment  arrives  at  z  in  time  t,  it  is 
stretched  by  a  factor  of  dt/dtg.  Thus,  the  beam  current  of  the 
segment  tg  at  z  is  proportional  to  d6/d$>.  In  this  regard,  the 
normalized  current  ratio  F((,6)  is  expressed  as 


n  c.0)  - 


ac, e>  _  m 

/*  Idv/aer 


(9) 


where  the  normalization  constant  N(()  is  defined  by 

-  f^ldtydiplde.  (10) 

N(0  Jo 


The  normalization  constant  N(C)  ensures  the  charge 
conservation. 

Substituting  Eq.  (8)  into  Eqs.  (9)  and  (10)  gives  the 
current  modulation 


mi 
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which  has  a  significant  meaning  because  it  determines  the 
length  of  the  klystron  amplifier.  Remember  that  the 
parameter  1/e  in  Eq.  (13)  is  much  larger  than  unity  in 
general.  Several  points  are  noteworthy  from  Eq.  (13).  First, 
the  microwave  tube  length  (z^  is  inversely  proportional  to 
the  normalized  growth  rate  (xp  of  the  two-stream  instability. 
We  have  observed  in  the  stability  analysis  that  the  growth  rate 
X;  is  a  slowly  changing  function  of  the  plasma  density,  but  it 
is  sensitive  to  the  beam  current.  The  growth  rate  can  be 
significantly  increased  and  the  tube  length  can  be  considerably 
shortened,  by  increasing  the  beam  current  1^  or  the  ratio  of 
Rc/Rb.  Second,  the  tube  length  is  proportional  to  ln(l/c), 
indicating  that  it  is  a  weakly  dependent  function  of  the  initial 
energy  modulation  at  the  first  cavity.  In  this  regard,  a 
relatively  low-power  microwave  input  in  the  first  cavity  may 
well  excite  the  two-stream  instability  in  die  beam-plasma 
region  and  may  deliver  a  highly  modulated  electron  beam  to 
the  extraction  cavity.  Third,  the  length  of  the  microwave  tube 
is  inversely  proportional  to  the  frequency.  The  higher  die 
frequency,  the  shorter  the  tube  length.  Equation  (13)  also 
indicates  that  the  tube  length  can  be  drastically  reduced  by 
decreasing  the  beam  energy.  As  an  example,  we  consider  a 
system  where  c  =  0.01,  X;  =  0.13,  Pb  =  0.8,  and  die 
microwave  frequency  is  3.5  GHz.  Substituting  these 
parameters  into  Eq.  (13),  we  find  the  tube  length  z,,,  -  30 
cm.  These  parameters  are  easily  attainable  in  the  present 
experimental  conditions.  There  is  a  broad  range  of  system 
parameters,  which  the  present  technology  allows.  Obviously, 
die  plasma  klystron  amplifier  has  a  great  potential  for  high- 
power  high-frequency  microwave  device.  There  will  be  many 
different  plasma  configurations,  which  may  be  more 
advantageous  for  the  plasma  klystron  amplifiers.  For 
example,  an  electron  beam  can  propagate  through  a  plasma 
cylinder,  providing  a  large  plasma  volume. 


where  the  exponential  function  f(()  is  defined  by 
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Abstract 

A  high-frequency  sheet-beam  klystron  operating  at  a 
low  perveance  per  square  can  produce  high  peak  power  at 
high  efficiency  .  In  order  to  provide  beam  stability  and  to 
maximize  power  extraction  efficiency  for  a  fiat  beam  with 
a  finite  width,  we  have  designed  if  cavities  in  which  the 
electric  field  is  nearly  constant  across  the  width  of  the 
beam  (on  the  order  of  several  wavelengths).  However,  in 
such  cavities,  the  electric  field  in  the  fundamental  mode  can 
couple  to  the  TE  propagating  mode  in  the  drift  section  if 
any  cavity  or  beam  asymmetry  is  present.  The  dipole  field 
can  couple  between  adjacent  cavities  even  in  the  absence  of 
these  asymmetries  as  long  as  the  frequency  is  above  cutoff 
of  the  drift  tube.  The  effects  of  coupling  between  rf 
cavities  are  calculated  using  an  equivalent  circuit  model. 
Threshold  parameters  for  onset  of  rf  oscillation  in  the 
fundamental  mode  as  a  result  of  cavity  coupling  are 
obtained.  We  have  designed  choke  cavities  which  effective¬ 
ly  prevent  such  possible  oscillations. 

Introduction 

The  sheet-beam  klystron  (SBK),  Fig.  1,  can  alleviate 
many  limitations  on  the  efficiency  of  conventional  round- 
beam  X-band  klystrons.  Some  of  these  include  space 
charge  effects  at  high  current  densities,  electrical  break¬ 
down  across  small  gaps  at  high  voltages,  and  potential 
metal  melting  due  to  beam  interception  at  high  power 
densities.  By  flattening  out  the  beam  spatially,  the  SBK 
significantly  extenuates  the  space  charge  effects.  It  can 
achieve  high  power  by  sustaining  a  high  total  current,  while 
keeping  a  low  current  density  and  a  moderate  voltage.  It 
can  also  avoid  the  serious  potential  problem  of  metal 
melting  by  keeping  a  low  power  density.  As  a  function  of 
frequency,  the  power  output  of  a  sheet-beam  klystron  falls 
only  linearly  with  wavelength,  making  it  more  suitable  for 
high  frequency  applications. 

In  an  earlier  design  study1,  „e  found  that  a  sheet-beam 
klystron  operating  at  11.4  GHz  and  a  low  perveance  per 
square  (about  0.1  micro-perv.)  is  capable  of  producing  over 
200  MW  of  power  at  65%  efficiency.  Typical  operating 
parameters  of  a  sheet-beam  klystron  are:  a  cross  sectional 
area  of  0.4  cm  x  16  cm,  a  moderate  voltage  of  about  400 
keV,  a  strip  gun  compression  ratio  of  10:1,  a  cathode 
loading  of  12  A/cm2  and  a  longitudinal  focusing  field  of  3 
kG.  These  results  were  obtained  with  CONDOR  simula¬ 
tions,  in  which  cavities  were  treated  as  ports  with  proper 
voltages  and  phases.  The  cavity  geometry  must  be  estab¬ 
lished  in  a  detailed  design. 


We  consider  in  this  paper  several  design  issues  unique 
to  the  sheet-beam  klystron  cavities.  In  rectangular  cavities, 
the  electric  field  is  not  uniform  across  the  transverse 
direction  perpendicular  to  the  sheet  beam.  Electrons 
arriving  at  different  points  along  the  gap  at  the  same  time 
would  experience  different  axial  forces  which  could  destroy 
the  beam  coherence  downstream.  Another  potential 
problem  is  rf  feedback  for  the  fundamental  TM  mode  be¬ 
tween  adjacent  cavities.  If  this  mode  is  coupled  to  an 
above-cutoff  TE  mode  which  is  excited  in  the  drift  region, 
power  can  leak  back  upstream.  This  can  occur,  for  in¬ 
stance,  if  there  is  asymmetry  in  the  cavity  or  beam  current 
as  a  result  of  manufacturing  imperfections.  Similar  consid¬ 
erations  apply  to  higher  order  modes,  some  of  which  can 
couple  even  in  the  absence  of  any  such  asymmetries. 
Fortunately,  this  problem  can  be  cured,  if  necessary,  by  the 
use  of  one  or  more  quarter-wave  chokes.  The  conditions 
under  which  the  choke  joints  are  necessary  will  be  estab¬ 
lished. 

RF  Cavities 


Figure  1  Schematic  of  Sheet  Beam  Klystron 


SBK  Cavity  Design 

The  electric  field  of  the  lowest  TM  mode  of  a  simple 
metallic  rectangular  cavity  has  a  half  sine  distribution  which 
peaks  at  the  middle  and  vanishes  at  the  boundaries.  In 
order  to  accommodate  a  sheet  beam  several  wavelengths 
wide,  the  rectangular  cavity  must  be  modified  so  that  the 
axial  electric  field,  at  least  in  the  region  where  the  beam 
passes  through,  is  approximately  constant.  One  design 
strategy  is  to  operate  the  center  portion  of  the  cavity  near 
cutoff,  with  a  widened  portion  about  a  quarter  of  a  wave¬ 
length  long  at  each  end  .  We  have  used  the  MAFIA  code 
to  design  these  cavities  and  found  that  good  field  uniformi¬ 
ty  can  be  achieved  in  this  way.  Fig.  2  shows  the  axial 
electric  field  of  the  fundamental  mode  at  the  midplane 
(perpendicular  to  the  beam  line)  of  such  a  "barbell"  rectan- 
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gular  cavity,  12.6  cm  wide  and  6.885  mm  high  at  the  mid¬ 
section,  and  1.3  cm  high  at  the  ends.  The  cavity  is  connect¬ 
ed  to  a  beam  pipe  5  mm  high.  The  cavity  parameters 
calculated  with  MAFIA  are  f=11.42  GHz,  Q0=  6438  and 
R/Qc*  17.3  ohms.  The  axial  electric  field  of  the  funda¬ 
mental  mode  as  a  function  of  the  transverse  distance  along 
the  centerline  of  the  cavity  is  shown  in  Fig.  3. 


iOGOOG 


Figure  2  Barbell  Cavity 
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Coupling  between  RF  Cavities 

The  electric  field  of  the  fundamental  mode  of  two 
rectangular  cavities  separated  by  a  distance  (2.32  cm)  is 
shown  in  Figs.  4  and  5.  In  Fig.  4,  each  cavity  is  assumed  to 
be  perfectly  symmetric  about  the  center  plane.  The  perfect 
symmetry  in  this  case  precludes  any  coupling  between  the 
cavities.  In  Fig.  5,  a  large  artificial  asymmetry  is  introduced 
in  the  cavity  geometry:  the  height  of  the  upper  cavity  is 
greater  than  that  of  the  lower  cavity  by  14.3%.  In  this  case, 
the  TM  cavity  mode  readily  couples  to  a  TE  mode  in  the 
beam  pipe.  The  coupling  of  the  two  cavities  via  the  beam 
pipe  splits  the  uncoupled  frequency  into  two  normal 
modes:  a  symmetrical  and  an  antisymmetrical  mode.  The 
coupling  strength  k  between  the  two  asymmetric  cavities  is 
directly  proportional  to  the  frequency  splitting,  *f.  For 
these  cavities,  we  find  k=Af/f0= 0.0467. 
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Alternately,  the  external  Q  of  an  asymmetric  cavity 
coupled  to  the  beam  pipe  can  be  calculated  using  the  Kroll- 
Yu  (ICY)  method3.  Making  four  URMEL  runs  with 
different  pipe  lengths,  we  find  Q^,  -  246. 


The  electric  field  of  the  dipole  mode  for  two  coupled 
symmetrical  cavities  is  shown  in  Fig.  6.  Because  the  cavity 
field  pattern  for  this  mode  reverses  directions  about  the 
center  plane,  the  asymmetry  naturally  allows  coupling  to 
TE  in  the  beam  pipe,  resulting  in  strong  coupling  between 
the  two  cavities.  The  coupling  constant  and  the  external  Q 
are  calculated  similarly  as  above.  We  find  in  this  case 
k=0.127  and  0^=1 1.4.  Introduction  of  an  artificial  cavity 
asymmetry  as  in  Fig.  5  does  not  affect  these  results  signifi¬ 
cantly. 
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Dipole  Mode  of  Two  Coupled  Cavities 


The  transient  and  steady-state  cavity  voltages  of  two 
coupled  klystron  cavities  are  calculated  using  an  equivalent 
circuit  model  shown  in  Fig.  7.  Each  cavity  is  represented 
by  a  parallel  RCL  circuit  The  circuit  resistance,  capaci¬ 
tance  and  inductance  (R,  C  and  L)  are  computed  from  the 
shunt  impedance,  frequency  and  R/Q0  of  the  cavity. 


Figure  7  Equivalent  Circuit 


To  simulate  the  klystron  operation,  the  first  cavity  is 
driven  by  a  current  source  at  a  frequency,  <■>,  at  or  near  the 
fundamental  frequency  of  the  cavity,  u»0- l/JLC.  The 
second  cavity  is  driven  by  a  current  controlled  by  the 
voltage  of  the  first  cavity  with  a  gain  g^/YjVj,  where  I 
and  V  are  the  current  and  voltage  of  the  respective  cavity 
and  Yc  is  the  cavity  admittance,  Yc= l/R+l/jwL+jwC.  The 
increased  rf  current  in  the  second  cavity  results  from 
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velocity  modulation  of  the  beam  doe  to  its  interaction  with 
the  first  cavity  and  with  the  drift  tube.  The  two  cavity 
circuits  are  coupled  by  ideal  transformers  connected  by  a 
transmission  line  with  a  characteristic  impedance  and  a 
phase  delay,  fl/,  where  B  and  /  are,  respectively,  the 
propagation  constant  and  the  length  of  the  transmission 
line.  The  coupling  constant4  a0(*Q0/Qca)  is  also  equal  to 
the  ratio  of  the  transmission  line  transconductance  to  the 
cavity  transconductance,  divided  by  the  square  of  the  trans¬ 
former  turns  ratio,  or  ao>(l/n^)(R/Zb).  We  use  the 
PSPICE  program  to  simulate  the  circuit  performance.  In 
general  feedback  in  coupled  cavities,  if  unabated,  could  lead 
to  an  exponential  rise  in  voltages.  However,  with  proper 
choice  of  parameters,  it  is  possible  to  essentially  uncouple 
the  cavities.  Fig.  8  shows  a  simulation  in  which  the 
voltages  gradually  rise  and  reach  steady  state  in  a  few  rf 
cycles.  The  cavity  parameters  for  this  case  are:  R=1  x  10s 
ohms,  f*  11.424  GHz,  R/Qo»20.  The  transformer  is 
assumed  to  be  perfect,  i.e.  n-1.  The  transmission  line  is 
characterized  by  2^=1  x  107  ohms  (Bo=.01)  and  B/=ir/2. 
The  second  cavity  is  driven  by  a  current  gain  of  10  over  the 
first  cavity. 

(MV) 


Figure  8  Transient  Response  from  PSPICE  Simulation 


The  allowable  gain  without  onset  of  oscillation  can  be 
derived  from  the  steady-state  solution.  Thus,  we  find 


g 


ye  p# 


where  x  ■  tan(fi/),  and 

ysYJG-rjt-UflQ'ii  • 

At  critical  coupling  (B0*l)  the  allowable  gain  is  g=2  for 
any  x.  On  the  other  hand,  if  B0«l,  i.e.  weak  coupling  or 
Q^Qo,  then  |g|-l/B0  except  when  x  is  close  to  zero. 
Thus  to  facilitate  a  gain  of  10,  for  instance,  the  value  of 
must  be  greater  tha.  6.4  x  104. 

Parasitic  oscillations  between  cavities  can  also  be 
prevented  using  absorptive  materials  in  the  drift  section,  or 
using  choke  joints.  The  latter  will  be  discussed  in  the  next 
section.  To  simulate  absorption,  we  add  a  series  resistance, 
R,,  on  either  side  of  the  transmission  line  in  our  circuit 
model.  The  series  resistance  has  the  effect  of  increasing 


the  effective  value  of  to  Z^+R^Rj/Zq).  The  cavity 
voltages  can  be  stabilized  in  the  presence  of  strong  coupling 
by  choosing  a  suitable  value  of  R^Z^. 

Choke  Joints 

A  very  effective  way  to  decouple  adjacent  resonating 
cavities  at  a  given  frequency  is  by  placing  a  choke  cavity  an 
odd  multiple  of  quarter  wavelengths  away  from  the  end  of 
the  main  cavity.  The  choke  cavity  height  is  about  a  quarter 
wavelength.  Fig.  9  is  an  URMEL  field  plot  of  the  funda¬ 
mental  mode  of  an  asymmetric  cavity  with  a  choke  joint. 
Compared  with  Fig.  S,  the  TE  propagation  in  the  beam 
pipe  has  beep  clearly  halted  by  the  choke.  Using  the  KY 
method,  we  calculate  for  this  waveguide  loaded  cavity 
with  the  choke  joint  to  be  9.9  x  104,  sufficient  to  prevent 
oscillations  up  to  a  gain  of  IS.  A  choke  joint  for  the  dipole 
mode  can  be  similarly  designed.  Fig.  10  shows  an  URMEL 
plot  for  this  case.  The  calculated  for  the  dipole  mode 
with  choke  is  5.9  x  103,  compared  to  1 1  with  no  choke. 
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Abstract 

An  analytic  method  to  analyse  a  quasi-periodic  disk 
loaded  waveguide  is  presented.  We  rely  on  Cauchy  residue 
theorem  to  formulate  the  transmission  and  reflection  from 
a  system  composed  of  radial  arms  and  grooves  provided 
that  the  inner  radius  is  always  the  same.  The  quasi- 
analytical  approach  is  not  limitted  to  slow  variations  of 
the  geometry. 

I.  INTRODUCTION 

The  constraint  imposed  by  the  NLC  requirements  on  the 
output  spectrum  of  an  RF  source  limits  the  input  section 
of  any  system  to  a  very  good  frequency  selective  device. 
From  this  perspective  the  klystron  cavity  or  a  combination 
of  a  cavity  with  a  magnetic  field  as  in  the  case  of  the 
Choppertron*1)  or  an  FEL*2\  are  the  natural  candidates 
for  the  input  section  of  any  RF  system.  The  main  section 
can  be  a  set  of  isolated  cavities  as  in  a  klystron,  a  traveling 
wave  (TW)  section  or  a  combination  of  the  two  but  the 
breakdown  problem  will  force  us  to  use  a  TW  structure  as 
an  output  section  with  one  or  more  extraction  ports*3-4). 
A  high  power  traveling  wave  structure  is  conceived  as  a 
section  of  a  periodic  disk  loaded  structure  and  its  electro¬ 
magnetic  characteristics  are  determined  as  if  the  system 
was  infinitely  long.  Practically  these  are  a  set  of  cavities 
which  are  coupled  through  the  disk  aperture.  At  the  other 
extreme,  the  klystron  is  a  set  of  a  few  isolated  cavities.  In 
the  former  case  the  beam  interacts  with  a  wave  continu¬ 
ously,  whereas  in  the  klystron  the  beam  interacts  with  the 
field  in  the  close  vicinity  of  the  cavity.  The  interaction  in 
a  uniform  periodic  structure  (TWA)  or  in  a  few  uncoupled 
cavities  (klystron)  is  relatively  well  understood.  But  we 
lack  analytical  or  even  quasi-analytical  tools  to  accurately 
investigate  the  interaction  in  transition  region  -  which  is 
exactly  what  is  required  for  construction  of  an  adequate 
output  section.  For  this  purpose  we  have  developed  an 
analytical  method  to  investigate  the  beam-wave  interac¬ 
tion  in  a  quasi-periodic  structure.  The  method  relies  on 
an  arbitrary  number  of  pill-box  like  cavities  of  any  dimen¬ 
sion  and  an  arbitrary  number  of  radial  arms.  The  only 
constraint  is  that  the  radius  of  the  coupling  pipe  has  to 
be  always  the  same. 

II.  BOUNDARY  CONDITION  PROBLEM 

The  system  described  above  is  illustrated  in  Fig.l.  For 
the  purpose  of  this  presentation  we  shall  describe  only 
the  system  without  the  beam  and  we  shall  indicate  where 
the  differences  occur  when  a  beam  is  present.  Unlike  in 
a  periodic  structure  where  the  field  in  the  inner  cylin¬ 
der  (0  <  r  <  Rint)  can  be  represented  by  Floquet  series 


we  have  to  consider  the  entire  spatial  spectrum  of  waves 
therefore  the  magnetic  vector  potential  reads 

A,(r,z,w)  =  p  dkA(k)I0( Tr)e-ik‘  (1) 

J—OO 

where  Ta  =  k2  —  w2/c2,  7o(x)  is  the  modified  Bessel 
function  of  the  first  kind  and  the  system  is  assumed  to  be 
in  steady  state  (e^*).  In  the  arms  or  grooves  the  electro¬ 
magnetic  field  should  be  represented  by  a  superposition 
of  modes  which  satisfy  the  boundary  conditions  on  the 
metallic  walls.  In  principle  an  infinite  number  of  such 
modes  is  required.  Our  experience  indicates  that  as  long 
as  the  vacuum  wavelength  is  about  5  times  larger  than 
the  groove/arm  width  the  first  mode  (TEM)  is  sufficient 
for  most  practical  pi  i 
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Fig.  1  The  schematics  of  the  quasi- periodic  system. 

This  assumption  is  by  no  means  critical  for  the  present 
analysis  and  the  arguments  are  very  similar  when  a  larger 
number  of  modes  is  required  however  we  use  it  since  it 
makes  the  presentation  much  simpler.  Within  the  frame¬ 
work  of  this  approximation  we  can  write  for  the  magnetic 
vector  potential  in  the  input  arm 

A.(r,z;  w)  =  AinH?\-r)  +  0,ff*2)(-r)  (2) 

c  c 

where  H^\x)  and  H^3\z)  are  the  zero  order  Hankel  func¬ 
tion  of  the  first  and  second  kind  respectively;  A,„  repre¬ 
sents  the  amplitude  of  the  incoming  wave  and  D\  is  the 
amplitude  of  the  reflected  wave  which  is  yet  to  be  deter¬ 
mined.  In  the  nih  (1  <  n  <  N)  groove  we  have 

A"(r,  z;u>)  =  D„T0,„(-r)  ,  (3) 

c 

D„  is  the  amplitude  of  the  magnetic  vector  potential, 
3o,„(«r)  =  Jo(^r)Yo(^i2«x,,n)-Yo(^r)Jo(^fi«r«,n)and 
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R,xt,n  is  the  external  radius  of  the  n'*  groove;  later  we 
shall  also  use  the  function  Ti.nC^r)  =  Ji(^r)Yo(^Rtxt,n)- 
Yi(^f)Jo(^ Rtxt,n)-  Finally  in  the  output  arm 

A,(r,Z-u>)  =  DNHi3\-r)  .  (4) 

C 

In  order  to  determine  the  various  amplitudes  we  next  im¬ 
pose  the  boundary  conditions  in  a  way  which  is  similar  to 
what  is  being  done  in  the  case  of  a  periodic  structure.  The 
main  difference  is  that  we  no  longer  can  look  at  what  hap¬ 
pens  in  a  single  cell  to  characterize  the  entire  system  but 
we  have  to  consider  each  individual  region.  The  bound¬ 
ary  condition  problem  is  formulated  next  in  terms  of  the 
amplitudes  in  the  grooves  and  arms  in  a  matrix  form: 

N 

^  *  Tn,m Dm  —  SnAin  (5) 

mail 

where 


y.«, "  msr  =w.hJ-- 

(10) 

where  Tj  =  (Pt/Rint)2  -  (w/e)s.  The  last  integral  is  the 
Green  function  of  a  uniform  waveguide  and  is  easily  eval¬ 
uated  as  G(xi|xs)  =  This  result  permits 

us  to  express  the  matrix  x  *n  terms  of  analytic  functions: 
for  n  =  m 


Xn,n  =  A  (11) 

nint  ,=1  1  . 

and 


rV»,m  —  V’l.n^n.m  —  V’O.mXn.m  > 

Sn  =  -H\l\a)6n<1  +  H<l\a)Xn,i 
Ln{k)  =  -±-  /  dze**’  , 

“n  2 


(6) 

(7) 


f  H(2\a)  n  =  1  or  n  =  N 
1  T„,„(a)  1  <  n  <  N 


(8) 


and 


Xn,m 


dm<* 

2*  y_0 0 


dk 


h(A) 

A/0(A) 


(9) 


With  v  =  0, 1;  zn  is  the  location  of  the  center  of  the  n,h 
groove  or  arm  and  dn  is  the  corresponding  width.  Finally 
a  =  jRini  and  A  =  r/2<„|. 

III.  CAUCHY  RESIDUE  THEOREM 

The  next  step  is  to  evaluate  the  integral  which  defines  the 
matrix  x  in  terms  of  analytic  functions.  This  is  done  by 
using  the  Cauchy  residue  theorem.  First  we  substitute  the 
explicit  expressions  for  L„(k)  from  Eq.(7).  Second,  we  ex¬ 
amine  the  integrand  we  observe  that  there  are  an  infinite 
set  of  poles  which  correspond  to  /o(A)  =  0.  Bearing  in 
mind  the  relation  between  the  modified  Bessel  function 
and  the  regular  one(7o(*))  we  realize  that  the  condition 
above  is  satisfied  for  k 2  =  (^)2  —  -k-  ;  here  p,  are  all 
the  zeros  of  the  zero  order  Bessel  function  of  the  first  kind 
i.e.  Jq(p,)  =  0.  According  to  the  Cauchy’s  theorem  the 
contribution  to  the  integral  will  come  from  the  poles  of 
the  integrand  hence  the  integral  in  Eq.(9)  reads 


Xn.m  =  -SF-  ^e-r,|2“  *misinhc(ef'„)8tnhc(e,,m) 

Rint  ,=i  r» 

(12) 

otherwise.  In  this  expression  stnhc(x)  =  sinh(x)/x  and 
©*,n  =  r,d„/2.  The  electromagnetic  problem  has  been 
now  simplified  to  inversion  of  a  matrix  whose  components 
are  analytic  functions.  The  transmission  pattern  of  the 
structure  fits  well  the  predictions  of  the  dispersion  relation 
of  an  infinite  structure. 

In  the  presence  of  the  beam,  using  the  fluid  model,  the  de¬ 
nominator  in  Eq.(9)  is  a  more  complex  function  than  the 
7o(A),  which  in  addition  to  the  electromagnetic  modes  it 
includes  the  space  charge  modes.  Once  the  poles  are  iden¬ 
tified  the  only  aspect  which  remains  to  be  consider  is  the 
fact  that  the  space  charge  waves,  unlike  the  electromag¬ 
netic  waves,  always  propagate  along  the  beam. 

IV.  DISCUSSION 

Next  we  shall  illustrate  the  potential  of  this  method.  And 
the  first  goal  is  to  determine  what  should  be  the  location 
of  the  arms  for  adequately  feed  power  into  a  9  cell  narrow 
band  structure  ( Rext  =  14.2mm,  Rint  =  6.2mm,  L  = 
12mm  and  d  =  6mm).  Fig.  2  illustrates  the  geometry  of 
the  narrow  band  structure  with  9  cavities  and  two  arms. 
In  the  first  case  the  arms  are  6mm  from  the  first  cells 
and  we  observe  that  the  average  transmission  coefficient 
is  —20 dB.  When  the  drift  region  was  shortened  to  1mm 
the  transmission  coefficient  increases  dramatically  to  an 
average  value  of  —3 dB  (this  result  was  qualitatively  ob¬ 
served  in  experiment). 

Let  us  now  assume  for  a  moment  that  we  have  matched 
the  cold  system  fo  a  given  frequency  i.e  the  gain  in  dB, 
io/o0(|i>ah2<WIa,»I2<*i)  is  zero.  We  know  that  in  the 
narrow  band  structure  very  high  gradients  develop  in  the 


2685 


interaction  process  -  in  particular  in  the  last  couple  of 
cells. 


-100 


8.7  8J  8.9  9.0  9.1 

freq  (GHz) 


Fig.  2:  The  transmission  coefficient  for  the  two  structures 
shown  in  the  right  corner. 
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Fig.  3:  Transmission  coefficient  of  three  structures. 


In  order  to  avoid  rf  breakdown  we  want  to  increase  the 
volume  where  the  electromagnetic  energy  is  stored  and 
by  that  we  lower  the  energy  density  and  consequently  the 
field.  We  started  with  a  ” linear”  tapering  of  the  external 
radius  (of  the  last  three  cells  increases  linearly).  We  have 
varied  the  width  of  these  cells  and  their  separation  in  a 
wide  range  of  parameters  to  bring  the  transmission  coef¬ 
ficient  to  OdB  at  given  frequency  and  the  best  we  could 
achieve  was  -3 dB  which  is  not  acceptable;  see  Fig.3.  At 
this  stage  we  returned  to  the  initial  geometry  only  that 
we  have  doubled  the  external  radius  of  the  last  two  cells. 
These  cavities  have  two  (rather  than  one)  resonant  fre¬ 
quencies,  one  of  which,  is  close  to  that  of  a  cavity  in  the 
uniform  structure.  After  some  fine  tuning  we  obtained 
the  transmission  which  is  optimized  to  the  required  fre¬ 


quency.  Fig.  4  illustrates  the  transmission  characteris¬ 
tic  of  system  driven  by  1  MV,  IkA  beam  whose  radius  is 
3mm.  The  two  sections  are  separated  by  a  3 cm  long  drift 
region  and  thus  electromagneticaly  they  are  completely 
isolated.  In  the  left  we  present  the  geometry  and  in  the 
right  the  transmission  coefficient.  The  location  of  the  drift 
tube  is  critical  as  illustrated.  The  periodic  structure  was 
designed  with  a  phase  advance  of  2t/3  and  we  observed 
that  when  varying  the  location  of  the  drift  region,  each 
three  cells  the  picture  repeats. 


Fig.  4:  Transmission  coefficient  of  an  active  system.  The 
drift  region  is  3cm  long. 

In  conclusion,  we  presented  a  method  to  calculate  the 
electromagnetic  characteristics  of  a  quasi-periodic  struc¬ 
ture  which  consists  of  radial  arms  and  a  set  of  coupled  disk 
loaded  cells.  The  main  constraint  in  this  method  is  that 
the  internal  radius  has  to  be  kept  constant.  In  the  sim¬ 
plified  version  presented  here  we  used  only  a  single  mode 
to  represent  the  field  in  the  grooves  and  arms  this  can  be 
extended  to  a  larger  number  of  modes.  However  this  is 
necessary  only  for  these  grooves  or  arms  whose  width  is 
more  than  1/5  the  vacuum  wavelength;  accordingly  the 
order  of  the  matrix  r  increases. 
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Abstract 

At  output  powers  in  excess  of  100  MW  we  have  noted 
the  development  of  sidebands  in  many  TWT  structures. 
To  address  this  problem  an  experiment  using  a  narrow 
bandwidth,  two-stage  TWT  is  in  progress.  The  TWT 
amplifier  consists  of  a  dielectric  («  =  5)  slow-wave  struc¬ 
ture,  a  30  dB  sever  section  and  a  8.8  —  9.0  GHz  passband 
periodic,  metallic  structure.  The  electron  beam  used  in 
this  experiment  is  a  950  kV,  1  kA,  50  ns  pencil  beam 
propagating  along  an  applied  axial  field  of  9  kG.  The  di¬ 
electric  first  stage  has  a  maximum  gain  of  30  dB  measured 
at  8.87  GHz,  with  output  powers  of  up  to  50  MW  in  the 
TMoi  mode.  In  these  experiments  the  dielectric  amplifier 
output  power  is  about  3  —  5  MW  and  the  output  power  of 
the  complete  two-stage  device  is  ~  160  MW  at  the  input 
frequency.  The  sidebands  detected  in  earlier  experiments 
have  been  eliminated.  We  also  report  measurements  of  the 
energy  spread  of  the  electron  beam  resulting  from  the  am¬ 
plification  process.  These  experimental  results  are  com¬ 
pared  with  MAGIC  code  simulations  and  analytic  work 
we  have  carried  out  on  such  devices. 

I.  INTRODUCTION 

Earlier  experiments  [1]  using  two-stage  ripple  wall 
TWTs  with  —  1.8  GHz  bandwidths  have  achieved  out¬ 
put  powers  in  excess  of  400  MW  at  ~  9  GHz.  However 
at  these  levels  up  to  50%  of  the  output  power  is  emitted 
in  asymmetric  sidebands.  Analytic  work  [2]  has  suggested 
that  this  process  is  due  to  finite  length  effects  and  reflec¬ 
tions  from  the  transition  regions  in  the  slow  wave  struc¬ 
tures.  To  address  this  problem  we  have  designed  several 
low  group  velocity,  narrow  band  structures  (NBS)  to  ef¬ 
fectively  transit  time  isolate  the  input  from  the  output. 
In  addition  since  the  inner  diameter  of  these  slow  wave 
structures  is  beyond  cutoff  we  achieve  significant  atten¬ 
uation  of  any  reflected  signal  from  the  output.  For  the 
forward  amplifying  wave  the  attenuation  is  unimportant 
because  the  electron  beam  couples  successive  cavities  of 
the  amplifier. 

The  interaction  in  the  narrow  band  structure  has 
been  studied  both  analytically  and  with  the  particle-in¬ 
cell  code  MAGIC.  As  a  result  of  the  interaction  process 
the  energy  spread  of  individual  electrons  can  be  as  high  as 
60%  of  the  initial  beam  energy,  while  the  average  energy 
of  the  beam  is  reduced  by  less  than  10%.  The  analytical 
results  indicate  that  a  gain  of  5  —  7  dB/cm  can  be  ex¬ 
pected  compared  to  1  —  2  dB/cm  in  the  broad  passband 
structure.  This  results  from  the  high  shunt  impedance  of 


the  narrow  bandwidth  structure.  In  this  work  the 
shunt  impedance  is  defined  by  the  relation 

7  -  E^r  =  W 

Z,K  2  P 

where  Et(r  =  R+)  is  the  longitudinal  electric  field  at  the 
beam  location,  r<  is  the  inner  radius  of  the  structure,  and 
P  is  the  total  power  which  flows  in  the  system  (both  quan¬ 
tities  are  calculated  in  the  absence  of  the  beam).  The 
high  shunt  impedance  of  the  narrow  bandwidth  ampli¬ 
fiers  leads  to  high  values  of  electric  field  in  the  structure. 
Calculations  and  simulation  results  show  that  for  output 
powers  of  200  MW  the  electric  field  on  the  wall  will  be 
~  200  MV/m. 

n.  EXPERIMENT 
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Fig  1.  Schematic  of  the  two-stage  narrow  band  ampli¬ 
fier.  (1)  E-beam  diode,  (2)  dielectric  slow  wave  structure, 
(3)  silicon  carbide  sever,  (4)  narrow  band  structure,  (5) 
output  horn,  (6)  input  waveguide,  (7)  magnetic  field  coil. 

The  dielectric  first  stage  of  the  amplifier  (fig.  1) 
preamplifies  the  20  —  50  kW  magnetron  input  by  ~20  dB. 
A  silicon  carbide  sever  is  used  to  attenuate  by  30 dB  the  rf 
wave  amplified  in  the  first  stage  while  allowing  the  space 
charge  wave  to  propagate  into  the  second  stage  of  the  am¬ 
plifier.  In  addition,  the  sever  attenuates  the  reflected  wave 
from  the  output  end  of  the  second  stage,  and  prevents  sys¬ 
tem  oscillation  due  to  feedback.  The  narrow  band  ampli¬ 
fier  serves  as  the  second  stage  of  the  system  and  consists 
of  a  ten  period  iris  loaded  waveguide.  The  structure  has  a 
1.2  cm  period,  and  a  1.42  cm  external  radius.  Each  iris  is 
0.6  cm  long  with  an  internal  radius  of  0.62  cm.  To  couple 
the  power  out  of  the  narrow  band  structure,  the  width 
of  the  last  iris  is  reduced  to  0.1  cm.  This  modification 
is  essential  for  efficient  output  coupling.  The  system  is 
driven  by  a  950  kV,  1  kA,  50  ns,  0.6  cm  diameter  elec¬ 
tron  beam.  The  output  power  is  determined  using  far  field 
measurements  and  has  been  confirmed  calorimetrically. 
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A*  stated  earlier  substantial  electron  energy  spreads 
occur  during  the  interaction,  with  some  electrons  gain¬ 
ing  energy  while  others  loose  energy,  depending  on  their 
phase  relative  to  the  wave.  The  electron  energy  spread  re¬ 
sulting  from  the  amplification  process  is  measured  using  a 
small  deflection  angle  magnetic  spectrometer.  The  spec¬ 
trometer  field  can  be  varied  to  change  the  energy  range  of 
the  particles  detected  by  a  strip  of  electron  sensitive  film. 
The  film  is  then  optically  scanned  to  produce  an  output 
electron  energy  spectrum  with  the  electron  deflection  cal¬ 
ibrated  to  measure  the  particle  energy. 

III.  EXPERIMENTAL  RESULTS 


The  output  power  of  the  TWT’s  is  measured  using 
far  field  measurements  of  the  gain.  An  independent  mear 
surement,  up  to  output  levels  of  65  MW  is  obtained  from 
a  calorimeter  [3]. 

The  output  power  of  the  single  stage  alone  is  of  order 
3  MW,  and  has  been  increased  to  50  MW  before  r/ break¬ 
down  occurs  on  the  dielectric.  The  power  from  the  two 
stage  device  is  measured  as  a  function  of  input  frequency 
and  is  shown  in  fig.  2.  Power  levels  from  the  calorimetric 
measurements  are  also  shown  to  correlate  well  with  the 
gain  data  up  to  65  MW.  Above  this  level  the  pressure 
transducer  in  the  calorimeter  saturated.  The  maximum 
output  power  is  ~  160  MW.  At  these  power  levels  the  if 
pulse  duration  matched  that  of  the  driver  electron  beam. 
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Fig  2.  Measured  frequency  response  of  the  NBS  amplifier. 

The  frequency  content  of  the  sampled  output  signal  is 
measured  with  a  double  balanced  mixer  using  heterodyn¬ 
ing  techniques.  A  typical  fast  Fourier  transform  (FFT)  is 
illustrated  in  Fig.  3  and  is  within  ±20  MHz  of  the  input 
frequency.  Note  that  the  output  is  single  frequency  and 
the  sidebands  have  been  eliminated.  The  electron  energy 


spectrum  is  shown  in  fig.  4  for  three  sets  of  conditions. 


Fig  3.  FFT  of  the  measured  output  signal  showing  single 
frequency  output. 
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Fig  4.  Electron  energy  spectra  at  the  amplifier  output, 
(a)  Injected  electron  spectrum,  (b)  output  energy  spec¬ 
trum  without  rf  input,  (c)  output  energy  spectrum  with 
rf  input. 
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Fig.  4a  shows  the  spectrum  of  the  injected  electron 
beam.  In  fig.  4b  we  show  the  spectrum  without  any  rf 
input.  In  this  case  the  wave  grows  in  the  amplifier  struc¬ 
tures  from  noise,  causing  a  substantial  change  in  the  elec¬ 
tron  momentum  distribution.  The  main  peak  is  at  the 
injection  energy  of  900  kV ,  but  there  is  also  a  significant 
component  at  250  kV.  This  component  is  not  present  in 
the  absence  of  the  amplifier  structures  and  is  clear  ev¬ 
idence  that  the  wave  growing  from  noise  has  extracted 
energy  from  the  electron  beam.  The  spectrum  with  rf 
input,  fig.  4c,  shows  a  larger  spread  in  electron  energies 
extending  from  0.25  —  2  MV  with  a  clear  component  at 
higher  energy  than  that  of  the  injected  beam.  In  addition 
the  lower  energy  peak  has  been  smeared  out,  possibly  due 
to  the  amplifier  being  too  long  and  some  electrons  being 
reaccelerated. 

IV.  DISCUSSION  OF  RESULTS 

The  dispersion  relation  of  the  narrow  band  structure 
compared  to  our  earlier  wide  bandwidth  (1.7  GHz)  de¬ 
vices  is  shown  in  fig.  5.  In  the  wide  pass-band  structures 
an  electron  velocity  spread  between  0.8  c  —  1.0  c  gener¬ 
ates  noise  in  a  300  MHz  frequency  range.  In  the  narrow 
pass-band  (200  MHz)  structure  described  here  the  noise 
generated  is  restricted  to  a  range  of  20— 30  MHz.  This,  in 
effect,  overlaps  the  input  signal  and  eliminates  the  side¬ 
bands.  MAGIC  simulations  of  narrow  band  amplifiers 
show  single  frequency  output  up  to  high  power  levels  as 
shown  in  fig.  6. 


Fig  5.  Dispersion  relations  for  a  broadband  and  a  nar¬ 
rowband  periodic  structure. 


Fig  6.  FFT  of  output  signal  from  narrow  band  amplifier 
MAGIC  simulation. 


The  elimination  of  the  sidebands  can  also  be  viewed 
as  a  transit  time  isolation.  In  the  15cm  long  NBS.  with 
a  wave  energy  velocity  of  Vtr  =  0.007  c,  it  takes  about 
75  ns  for  a  reflected  wave  to  reach  the  input.  This  is 
longer  than  the  electron  pulse  duration,  and  consequently 
the  beam  is  unaffected  by  the  time  the  reflected  wave  am¬ 
plitude  becomes  significant  at  the  input  to  the  amplifier. 
At  present  we  are  exploring  the  use  of  somewhat  broader 
band  structures  e.g.  400  -  800  MHz  to  identify  the  lim¬ 
its  under  which  we  can  operate  without  sidebands.  The 
shunt  impecance  of  a  structure  is  inversely  proportional  to 
the  wave  group  velocity,  so  the  broader  band  devices  will 
have  a  lower  shunt  impedance  and  hence  the  electric  field 
of  the  wave  will  be  lower  for  a  given  power  flow  through 
the  TWT.  In  addition  we  are  exploring  the  possibility  of 
interacting  with  the  first  space  harmonic  of  a  slow  wave 
structure  in  order  to  reduce  the  wave  growth  rate,  and 
the  wave  electric  field,  for  a  given  power  flow. 

In  conclusion,  we  note  that  the  use  of  traveling  wave 
tube  structures  offers  an  alternate  approach  for  the  gen¬ 
eration  of  ultra  high  power  microwave  signals.  Operation 
may  be  in  a  mode  in  which  a  TWT  amplifier  is  used  as 
a  stand  alone  device  for  microwave  generation  or  as  the 
output  structure  for  a  klystron.  In  the  latter  scenario  the 
output  structure  may  have  additional  gain  or  may  be  used 
simply  as  a  device  for  power  extraction.  In  either  case  the 
use  of  the  TWT  allows  for  a  reduction  in  the  electric  field 
strength  at  the  output  port. 
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Abstract 

A  high-power  X-band  traveling-wave  tube  (TWT)  amplifier 
has  been  designed.  A  disk-loaded  circular  waveguide  is  used 
as  the  slow  wave  structure  (SWS)  for  wave  interaction  with  a 
450  kV,  80  A  solid  electron  beam.  From  Pierce  theory,  the 
predicted  gain  at  9.7  GHz  is  1.94  dB/cm  with  an  instantaneous 
bandwidth  of  5%  and  a  phase  advance  of  n/2  for  the  TM0i 
mode.  Cold  dispersion  measurements  show  good  agreement 
with  the  simulation. 


As  shown  in  Fig.  1,  the  amplifier  has  three  sections:  the 
beam-injection  and  signal-input  section,  the  slow  wave  inter¬ 
action  section,  and  the  output  section.  The  input  signal  comes 
from  a  10  kW  magnetron.  The  input  coupler  is  of  the  type 
commonly  used  for  high  power  TWTs[3].  The  coupling  from 
TEio  mode  in  the  feed  rectangular  guide  to  TMoi  mode  in  the 
tube  is  provided  by  a  sidewall  coupler  placed  in  the  first  cell. 
A  movable  stub  tuner  along  the  SWS  axis  serves  to  match 
the  microwaves  into  the  structure  and  also  allows  an  optimal 
coupling  over  a  wide  bandwidth. 


Introduction 

There  has  been  considerable  attention  in  recent  years  toward 
high  power  microwave  devices  for  applications  ranging  from 
heating  of  fusion  plasmas,  to  drivers  for  new  generation  of  high 
energy  electron  accelerators  and  radar  systems.  In  the  X-band 
regime,  high  power  TWT  experiments  have  been  successful 
in  acquiring  large  instantaneous  bandwidth[l]  and  producing 
high  power[2],  For  our  current  project,  the  X-band  TWT  am¬ 
plifier  is  designed  for  20  MW  peak  power,  at  9.6  GHz,  an 
instantaneous  bandwidth  of  5%,  and  a  saturated  gain  of  30  dB. 
The  electron  beam  used  will  have  a  2.5  ps  (lps  flat  top)  pulse 
length,  450  kV  beam  voltage  and  80  A  beam  current.  Since 
the  energy  per  pulse  is  much  greater  than  in  previous  experi¬ 
ments,  study  of  interest  will  include  phenomena  such  as  power 
saturation  and  sideband  effect. 

In  the  following  sections  we  present  a  description  of  the  ex¬ 
perimental  design  followed  by  results  of  simulation  and  cold- 
test  measurements. 


Experimental  Configuration 

A  high-voltage  2.5  ps  (1  ps  flat-top)  pulse  modulator  pro¬ 
vides  the  accelerating  potential  (450  kV)  to  the  Pierce  type 
thermionic  electron  gun  which  has  a  measured  perveance  of 
0.27  pP,  resulting  in  a  beam  current  of  80  A.  After  being  fo¬ 
cused  by  a  magnetic  field  with  a  maximum  intensity  of  3  kG, 
the  solid  electron  beam  has  a  radius  of  4  mm  with  minimal 
scalloping. 

*  Supported  by  Swiss  National  Science  Foundation,  Fellowship  No.8220- 
30665 
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Figure  1:  Design  of  9.6  GHz  Relativistic  TWT 

Disk-loaded  waveguide  is  used  as  a  slow  wave  circuit.  Two 
different  structures  have  been  designed,  one  with  waveguide 
radius  b  =  14.5  mm  and  disk  radius  a  =  8.0  mm  (designated  the 
R8  structure),  the  other  one  with  b  =  13.9  mm  and  a  =  7.0  mm 
(designated  the  R7  structure).  Both  structures  have  a  periodic 
length  of  L  s  6.0  mm  and  a  disk  thickness  of  d  =  0.8  mm. 
The  number  of  periodic  cells  can  be  varied  from  32  to  64. 
In  order  to  minimize  reflections  from  the  output  sections,  a 
tapered  disk-loaded  section  is  placed  between  the  SWS  and  a 
smooth  cylindrical  waveguide.  The  linear  tapering  of  the  disks 
inner  radius  occurs  over  two  guide  wavelengths.  Finally  the 
smooth  cylindrical  waveguide  leads  to  a  conical  taper  with  an 
output  window. 


Simulation  Results 

The  dispersion  relation  of  the  slow  wave  stucture  is  calculated 
using  the  URMEL  code.  The  two  structures  were  investigated. 


2690 


# 


The  TMoi  dispersion  curves  for  these  two  structures  are  given 
in  Flg.2.  Both  curves  intersect  the  450  kV  beam  line  near  x/2 
point  at  9.6  GHz. 


kUx 


Figure  2:  The  dispersion  curves  for  the  disk-loaded  structures. 

URMEL  is  also  used  to  obtain  the  coupling  impedance, 
which  is  defined  as  Zt  ■  £*0/2JfcjjP,  where  E, 0  is  the  first 
space  harmonic  electric  field  amplitude  of  the  synchronous 
component  of  the  E  field,  £||  is  the  parallel  wave  number, 
and  P  is  the  power  flow  in  the  structure.  The  calculated  cou¬ 
pling  impedance  as  a  function  of  frequency  for  the  R8  structure 
is  shown  in  Fig.  3. 


C-[ 


Ze  1 
Zk  2*y+  1) 


]‘/3 


(2) 


where  £*  ■  14/7*  is  the  beam  impedance,  and  y  is  the  relativis¬ 
tic  factor  of  the  beam  particle.  From  the  values  of  coupling 
impedance  Zc  obtained  drove,  the  calculated  gain  at  9.7  GHz 
for  the  R7  and  R8  structures  is  1.94  dB/cm  and  1.59  dB/cm, 


respectively.  The  total  gain  for  32  periodic  cells  of  R7  struc¬ 
ture  is  shown  as  a  function  of  frequency  in  Fig.  4.  It  can  be 
semi  that  the  maximum  gain  is  30  dB  with  an  instantaneous 
bandwidth  of  500  MHz. 


Frequency  (GHz) 


Figure  4:  Total  gain  for  32  cells  of  the  R7  structure  as  a 
function  of  frequency. 
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Figure  3:  Coupling  impedance  versus  frequency  at  two  differ¬ 
ent  radial  positions  r  =  0.0  mm  and  r  =  4.0  mm  obtained  Grom 
URMEL. 

According  to  Pierce  theory[4],  when  the  Pierce  space  charge 
parameter  QC  is  negligible,  the  TWT  maximum  gain  can  be 
written  as, 

G[dB ]  =  -9.54  +  47 .3 CN  (1) 

where  N  is  the  amplifier  length  in  number  of  guide  wave¬ 
lengths  aid  the  Pierce  gain  parameter  C  is  given  by 


Cold-Test  Results 

The  disk-loaded  structures  have  been  cold-tested  with  an 
HP8510  network  analyzer  by  measuring  the  resonant  frequen¬ 
cies  of  the  standing  waves  in  a  section  of  the  SWS  structure 
composed  by  five  and  six  cells[5].  The  experimental  setup  for 
this  measurement  is  shown  in  Fig.5.  The  measured  resonant 
frequencies  agree  extremely  well  with  the  dispersion  relation 
calculated  Grom  URMEL,  as  shown  in  Fig.  2. 

The  input  coupler  has  also  been  cold-tested.  The  result 
shows  that  coupling  with  less  than  -10  dB  return  loss  can  be 
achieved  with  the  designed  coupler  over  a  frequency  range  of 
9.2  GHz  to  9.8  GHz  (See  Fig.6).  In  order  to  avoid  self  oscil¬ 
lation  of  the  tube  for  high  gain  operation,  the  implementation 
of  distributed  losses  and  severs  is  foreseen. 


Conclusion 

The  design  of  an  X-band  traveling-wave  tube  amplifier  has 
been  completed.  The  structure  will  be  powered  by  a  king- 
pulsed,  high  energy  electron  beam.  Simulation  indicates  a 
gain  of  1.94  dB/cm  dB  for  the  structure  with  an  instantaneous 
bandwidth  of  5%.  Gild  dispersion  measurements  show  good 
agreement  with  the  simulation.  Design  of  broader  instanta¬ 
neous  bandwidth  structures  as  well  as  theoretical  studies  of 
the  linear  and  nonlinear  regime  using  field  theory  are  under 
way. 
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Figure  6:  Ratio  of  reflected  power  to  incident  power  in  dB  for 
TWT  input  coupler,  showing  a  good  match  over  the  frequency 
range  of  interest. 
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Abstract 

Experiments  have  been  performed  to  test  microwave 
efficiency  enhancement  and  pulselength  extension  of  the 
gyrotron-backward-  wave-oscillator  (gyro-BWO)  through  the 
use  of  a  tapered  interaction  tube.  The  MELBA  accelerator 
has  been  utilized  to  generate  electron  beams  with  parameters: 
V=-0.7  to  4X8  MV,  1=1-4  lcA,  and  polseleagths  from  0.5-1  ps. 
The  microwave  frequency  is  magnetically  tunable  in  the  range 
from  4.6-6  GHz.  MAGIC  code  modeling  has  guided  the 
experimental  selection  of  taper  magnitudes  to  enhance 
efficiency  and  pulselength.  The  optimal  taper  magnitndc 
found  in  both  the  experiment  and  model  tuts  been  a  10% 
downtapered  tube,  which  gave  a  significant  increase  in  both 
microwave  tube  power  (factor  of  -2,  up  to  about  80  MW)  and 
pulselength  («•  30  %  average  increase  up  to  0.38  ps)  over 
uniform  tubes.  Integrated  microwave  pulse-energy  is  also 
maximized  for  the  10%  downtapered  tube.  Taper  magnitudes 
larger  than  10%  gave  reduced  microwave  power  and  energy. 

I.  INTRODUCTION 

High  power,  long-pulse,  microwaves  have  many 
applications  in  RF  accelerators,  defense  electronics  testing, 
and  plasma  heating.  One  of  the  major  challenges  has  been  to 
simultaneously  generate  multimegawatt  microwaves  while 
maintaining  the  microwave  oscillation  mechanism  over  a 
fraction  of  a  microsecond.  During  the  past  several  years,  the 
uniform  tube  gyrotron-backward-  wave-oscillator  (gyro- 
BWO)  [1,2]  has  shown  considerable  promise  for  both  high 


power  and  long  pulse  operation  [3].  Recently,  improvement 
in  gyro-BWO  performance  has  resulted  from  tapered - 
interaction  tubes  [4].  A  summary  of  gyro-BWO  experiments 
on  tapered  interaction  tubes  is  presented  here. 

n.  EXPERIMENTAL  CONFIGURATION 

The  experimental  configuration  is  depicted  in  Figure 
1.  Electron  beams  are  generated  by  the  Michigan  Electron 
Long  Beam  Accelerator,  MELBA,  at  diode  parameters: 
voltage  =  -0.7  to  -0.8  MV,  Idiode**  1-10  kA,  and 
pulsekangths=0.5-l  ps.  A  velvet  button  cathode  is  utilized, 
which  reduces  diode  closure,  to  provide  relatively  flat  current. 
The  diode  magnetic  field  coils  are  pulsed  to  generate  about  1 
kG  magnetic  field.  A  graphite  anode  apertures  the  e-beam  to 
5  cm  diameter.  The  beam  enters  a  solenoidal  magnetic  field 
coil  on  the  transport  tube,  which  generates  3-8  kG.  This  range 
of  magnetic  field  allows  the  frequency  to  be  magnetically 
tuned  from  4.6-6  GHz.  A  number  of  interaction  tubes  and 
orientations  were  run:  1)  copper  tube  with  uniform  cross 
section  and  1.9  cm  radius  (20  cm  long),  2)  tapered  tube, 
avenge  radius  of  1.9  cm  with  10%  decrease  in  direction  of  e- 
beam  propagation  (defined  here  as  downtaper  or  - 
orientation),  3)  tapered  tube  with  average  radius  of  1.9  cm 
with  23%  taper  (both  +  and  -  orientations  tested),  4)  tapered 
tube  with  avenge  radius  of  1.9  cm  with  43%  tiger  (both  + 
and  -  orientations  tested).  Microwaves  were  extracted  by  an 
S-band  waveguide  antenna  at  the  diode-end  of  the  machine. 


Field  Coils 

Figure  1.  Experimental  Configuration  for  tigered  gyro-BWO. 
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Recent  frequency-swept  measurements  of  the  microwave 
coupling  have  shown  a  maximum  coupling  efficiency  of  -7.5 
dB  (-18%)  between  tube  microwaves  and  this  antenna.  The 
gyro-BWO  microwave  output  was  split  by  directional 
couplers  and  further  attenuated  for  measurement  with 
calibrated  diode  detectors.  Reflected  microwaves  were 
typically  directed  through  a  ludte  window  at  the  far  end  of  the 
gyro-BWO  into  a  large  tank  lined  with  microwave  absorber. 

HI.  EXPERIMENTAL  RESULTS 

Figures  2  and  3  show  examples  of  gyro-BWO 
experimental  signals  detected  for  the  uniform  tube  and  the 
10%  down  tapered  tube.  Voltage  and  current  signals  from 
MELBA  are  fairly  flat  over  at  least  the  first  microsecond  of 
the  e-beam  pulse.  Generally,  the  microwave  emission  was 
longer  and  the  power  was  higher  for  the  10%  down  tapered 
tube  versus  the  uniform  tube.  Assuming  the  maximum  value 
of  coupling  (*=18%)  between  the  tube  and  antenna,  the  peak 
microwave  tube  power  (up  to  about  80  MW)  for  the  10% 


Figure  2.  Data  for  gyro-BWO  with  uniform  tube: 

a)  Beam  voltage  (310  kV/div), 

b)  Microwave  detector  signal  (25  mV/div). 

c)  Transported  beam  current  (2  kA/div), 
Solenoidal  field  is  5100  G. 

Time  scale  is  100  n$/div. 


down  tapered  tube  is  more  than  a  factor  of  two  higher  than  the 
peak  tube  power  (-30  MW)  found  thus  far  from  the  uniform 
tube.  The  high  power  microwave  emission  magnetic  tuning 
band  was  much  larger  for  the  tapered  tube,  as  expected. 

MAGIC  code  simulations  predicted  that  the  gyro- 
BWO  power  enhancement  from  tapered  tubes  was  expected  to 
be  optimal  for  the  10%  down  tapered  case,  out  of  all  the  cases 
run  (±10%,  ±23%,  ±43%)  This  is  in  qualitative  agreement 
with  the  experiments,  which  showed  reduced  power  at  tube 
tapers  of  ±23%  and  ±43%,  relative  to  the  uniform-tube  case. 

Significant  increases  in  the  microwave  pulselength 
woe  also  observed  with  the  10%  downtapered-tube  gyro- 
BWO,  as  seen  in  Figure  4.  The  average  pulselength  with  the 
tapered  tube  was  380  ns  compared  with  300  ns  for  the 
uniform  tube,  about  a  30%  increase.  By  integrating  digital 
oscilloscope  microwave  signals  it  was  found  that  inferred 
integrated  energy  was  also  greater  with  the  10%  downtapered 
tube,  compared  to  the  uniform  case. 


Figure  3.  Data  for  gyro-BWO  with  10  %  downtapered  tube: 

a)  Beam  voltage  (310  kV/div), 

b)  Microwave  detector  signal  (100  mV/div). 

c)  Transported  beam  current  (2  kA/div), 

Solenoidal  field  is  5100  G. 

Time  scale  is  100  ns/div. 
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Figure  4.  Microwave  pulseleugtfa  for  gyro-BWO: 

a)  Uniform  tube,  and 

b)  Tube  with  10%  downtaper. 
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Abstract 

The  simulation  code  PARMELA  has  been  widely  used  in  the 
accelerator  community  for  many  years.  Because  of  its  simplic¬ 
ity*  a  is  still  used  in  many  laboratories.  When  used  to  simu¬ 
late  the  space  charge  in  high  current  density  electron  bunches 
however,  the  results  for  the  emiuance  and  the  other  beam  pa¬ 
rameters  can  differ  considerably  from  those  obtained  with  PIC 
codes.  This  discrepancy  comes  in  put  from  the  noise  in- 
hwhiced  by  the  point  to  point  space  charge  rak-niatinn 
in  PARMELA,  when  the  particle  distribution  is  not  uniform. 
Here  we  present  a  new  loading  scheme  which  makes  the  ini¬ 
tial  distribution  in  the  phase  spaces  more  uniform  and  reduces 
greatly  the  noise  Introduced  by  artificial  local  bunching.  At 
the  same  time,  the  code  has  been  slightly  modified  in  order 
to  permit  autotasking  and  vectorizauon  on  CRAY  computers; 
the  speed  up  Actor  obtained  for  the  calculation  time  is  pro¬ 
portional  to  4  times  the  number  of  CPU  available  on  the  com¬ 
puter.  Preliminary  simulations  of  a  17  GHz  RF  Gun  with  the 
PIC  code  MAGIC  and  PARMELA  show  relatively  good  agree¬ 
ment  considering  that  PARMELA  does  not  handle  Wakefields 
and  radiations. 


I.  Introduction 

In  PARMELA,  the  space  charge  can  be  modeled  by  a  point 
to  point  calculation:  each  particle  is  assigned  a  super  charge 
and  the  Coulomb  interaction  between  the  particles  is  evalu¬ 
ated  at  each  time  step.  When  the  number  of  particles  in  the 
simulation  is  large  enough,  this  method  gives  relatively  ac¬ 
curate  results;  however,  because  the  CPU  time  scales  as  the 
squrc  of  the  number  of  particles,  it  very  quickly  becomes 
prohibitive  to  use  more  than  a  few  thousand  panicles.  If  the 
initial  distribution  for  the  particles  is  not  uniform,  artificial  lo¬ 
cal  bunching  can  appear,  leading  to  high  charge  density  areas 
which  are  not  physical;  this  phenomenon  is  enhanced  when 
the  charge  per  macropanicle  is  increased,  or  when  the  number 
of  particles  in  the  simulation,  for  a  constant  total  charge,  is 
decreaied.  In  Scctioo  II  of  this  paper,  a  new  loading  scheme, 

*TWi  wwk  it  nppned  by  the  US.  Depaiuneui  of  Enemy,  under  contracts 
No.  DE-PG02-9 1 -ER40648. 
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Figure  1:  787  particles  sampled  randomly  in  the  transverse 
space. 


succesfuDy  tested  in  FEL  simulations,  which  greatly  reduces 
this  local  bunching  is  described.  Using  this  scheme,  the  calcu¬ 
lated  emi  fiance  is  fa- less  dependant  on  die  number  of  particles 
in  the  simulation.  In  Section  III,  we  briefly  describe  the  mod¬ 
ification  of  the  source  code  in  order  to  allow  vectorization  and 
autotasking.  Finally,  Section  IV  presents  a  preliminary  com¬ 
parison  between  the  Panicle  in  Cell  code  MAGIC,  and  this 
new  version  of  PARMELA. 


II.  Quiet  start 

Figure  1  shows  a  typical  distribution  of  the  particles  on  the 
photocathode  area  of  the  17  GHz  Photocathode  RF  Gun  being 
constructed  at  MIT  [1],  The  particles  are  sampled  using  the 
standard  Fortran  random  number  generator.  It  is  easy  to  see 
"holes”  and  "bunches"  due  to  the  limited  number  of  particles 
generated.  As  mentioned  earlier  this  artificial  local  bunching 
leads  to  an  increase  in  emittance  which  is  not  real.  Figure  2 
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Figure  2:  787  particles  sampled  in  the  transverse  space  using 
Hammenley’s  sequence,  x  is  sampled  with  r=l  and  y  with 
r*2 

shows  the  same  distribution  sampled  using  the  Hammers  ley’s 
sequence  [2].  Although  there  still  are  a  few  closely  spaced 
points,  the  particles  are  evenly  distributed  in  the  tranverse 
space.  The  Hammersley’s  sequence  is  defined  as  follows: 

{0  -  -  ■},  j  •  1 . JV 

where  &r(j)  is  the  radial  inversion  function  in  the  base  of  a 
prime  number  r. 

<hrO)  **  aor~l  +air-2+  j  =  ao  +  «ir'  +  ... 

This  yields  for  r*2  and  rs3:  <&2(/)  =  1/2, 1/4, 3/4, 1/8,..., 
<bjO)»l/3,2Al/9,l/3  +  l/9,... 

A  set  of  simulations  for  a  17  GHz  photocathode  RF  Gun 
cavity  was  done  using  the  two  types  of  distribution  (random 
raid  quiet  start)  and  varying  the  number  of  particles  simulated. 
Figure  3  shows  that  the  emiuar.ee  calculated  using  the  Quiet 
Start  (Hammersley’s  sequence)  is  lower  and  much  less  depen¬ 
dant  on  the  number  of  particles  than  the  one  calculated  using 
the  random  start 

III.  Autotaskixg  AND 
Vectorization 

When  the  number  of  particles  in  the  simulation  is  more  than  a 
few  hundred,  most  of  the  calculation  time  is  spent  in  the  sub¬ 
routine  used  to  simulate  the  space  charge  effects.  This  subrou¬ 
tine  is  composed  of  two  nested  loops  performing  the  point  to 
point  calculation.  By  making  minor  modifications  inside  the 
inner  loop,  and  using  the  Fortran  preprocessors  available  on 


Figure  3:  Emittance  calculated  using  random  and  quiet  start 

the  CRAY  computers  [3]  [4],  the  inner  loop  was  vectorized 
and  the  outermost  loop  was  parallelized.  It  should  be  noted 
however,  that  the  calculation  of  the  effect  of  the  image  charge 
in  the  cathode  plane  had  to  be  eliminated.  Work  will  be  done 
in  the  future  to  reimplement  this  important  effect  The  speed 
up  factor  with  only  one  CPU  is  4  due  to  the  vectorization  of 
the  inner  loop.  When  using  multi-CPU  computers,  the  out¬ 
ermost  loop  is  distributed  among  the  different  CPUs  and  the 
wall-clock  time  goes  theoretically  like  the  inverse  of  die  num¬ 
ber  of  CPUs.  However,  because  the  code  is  not  100  %  parallel 
and  because  of  the  overhead  produced  by  Autotasking,  typical 
speed  up  factors  of  up  to  10  for  the  wall-clock  time  on  the  16 
Processor  CRAY  YMP  C90  have  been  observed.  The  extreme 
runs  shown  on  Figure  3  correspond  to  40000  particles  and  113 
time  steps,  corresponding  to  12  hours  of  CPU  time  with  one 
CPU. 


IV.  Comparisons  with  MAGIC 

The  17  GHz  photocathode  RF  Gun  cavity  being  constructed 
at  MIT  has  been  simulated  using  the  PIC  code  MAGIC  and 
PAR  MELA.  The  fields  calculated  by  MAGIC  have  been  im¬ 
plemented  in  PARMELA  in  order  to  account  for  non  linear 
RF  effects.  Figures  4  to  6  show  the  beam  parameters  at  the 
exit  of  the  cavity  as  a  function  of  the  charge,  calculated  by 
the  two  programs.  The  number  of  particles  in  the  simulation 
in  PARMELA  is  500  and  the  effect  of  image  charge  in  the 
cathode  plane  is  included.  The  cathode  radius  is  0.5  mm,  the 
beer  pulse  length  1.4  ps,  ml  the  initial  phase  is  12  degrees. 
The  results  for  the  radius  and  the  divergence  agree  to  within 
10  %  and  those  for  the  emittance  and  the  bunch  length  agree 
to  within  30  %.  The  situation  is  less  favorable  for  the  energy 
spread  where  the  results  can  differ  by  a  factor  of  2  at  low 
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Figure  4:  Emittance  at  exit  of  RF  Gun  cavity. 
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charge.  The  reason  for  this  discrepancy  is  still  under  investi¬ 
gation. 


Figure  5:  Bunch  length  at  exit  of  RF  Gun  cavity. 


V.  Conclusions 


A  new  loading  scheme  (Quiet  Start)  has  been  implemented  in 
PARMELA;  it  makes  the  distribution  of  the  particles  in  the 
transverse  space  more  uniform  and  consequently  reduces  the 
noise  level  introduced  by  local  bunching.  The  emittance  is 
then  much  less  dependant  on  the  number  of  particles  in  the 
simulation.  The  point  to  point  calculation  subroutine  has  been 
parallelized  and  vectorized,  leading  to  speed  up  factors  of  4 
in  CPU  time  and  potentially  reducing  the  wall-clock  time  by 
a  factor  roughly  proportional  to  the  number  of  available  CPUs 
on  the  computer.  Preliminary  comparisons  with  the  PIC  code 
MAGIC  show  an  agreement  to  within  30  %  for  the  emittance. 
However,  it  is  not  yet  understood  why  the  energy  spread  can 
differ  by  as  much  as  a  factor  of  2  between  the  two  codes.  The 
reasons  for  this  discrepancy  are  still  under  investigation. 
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Figure  6:  Momentum  spread  at  exit  of  RF  Gun  cavity. 
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A bstract 

Waveguide  side-wall  coupling  for  RF  guns  is  investigated 
both  theoretically  and  experimentally.  We  model  this 
aperture- coupling  problem  by  an  integral  equation  which 
is  solved  by  the  method  of  moments.  The  analysis  yields 
an  equivalent  circuit  representation  of  the  system.  Of  the 
two  normal  modes  of  cavity  resonance,  the  x-mode  and 
O-mode,  we  show  that  only  the  x-mode  is  excited.  Exper¬ 
imental  results  show  good  agreement  with  theory. 


I.  Introduction 

Photocathode  RF  guns  are  promising  high  brightness  elec¬ 
tron  beam  sources  for  free  electron  lasers  and  next  gen¬ 
eration  linear  colliders.  Among  existing  systems,  the  1$- 
cell  RF  cavity  design  with  a  waveguide-side  wall  coupling 
scheme  is  most  widely  used[l,2].  This  coupling  scheme 
has  been  shown  experimentally  to  successfully  excite  the 
desired  x-mode  resonance.  However,  until  now  there  has 
been  no  solid  theoretical  understanding  of  the  coupling. 
In  this  paper,  we  present  a  theoretical  study  of  the  waveg¬ 
uide  side-wall  coupling.  First,  we  represent  this  problem 
by  an  integral  equation  based  upon  the  equivalence  princi¬ 
ple.  Next,  we  solve  this  integral  equation  by  the  method  of 
moments.  Then  we  construct  an  equivalent  circuit  repre¬ 
sentation  for  this  problem:  a  transmission  line  shunt  with 
a  coupled  GLC  circuit.  This  circuit  can  be  solved  read¬ 
ily.  The  experimental  data[3]  are  in  good  agreement  with 
theory. 


II.  Theory  and  Cold  Test 
Results 

Consider  a  1^-cell  RF  cavity  coupled  to  a  waveguide  via 
side-wail  apertures,  as  shown  in  Fig.  1.  The  aim  is  to  ex¬ 
cite  the  x-mode  resonance  for  the  RF  cavity  with  power 

'This  mew  A  is  supported  by  DOE  under  grant  DE-FG02-91- 
ER40948. 
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Figure  1:  A  1^-cell  RF  cavity  coupled  to  a  waveguide  via 
side-wall  apertures. 

fed  through  the  coupler.  It  is  sufficient,  from  the  equiva¬ 
lence  principle,  to  solve  for  the  unknown  tangential  electric 
field  on  the  aperture  (denoted  as  Ea)[4].  The  fields  else¬ 
where  can  be  uniquely  determined  by  Ea.  We  introduce  an 
equivalent  surface  magnetic  current  M,  =  Ea  x  n,  where 
n  is  the  unit  vector  normal  to  the  aperture.  M,  can  be 
expanded  by  a  linear  combination  of  basis  functions  Mj 
(j  =  1,2,  M,  =  VjMj.  From  the  continuity  of 

the  H  field  on  the  aperture,  one  obtains 


[Y*'  +  Y**]V  =  I, 

(1) 

Y<y 

=  J f  ^dsMi  ■HW#(M;), 

(2) 

yew 

(3) 

U 

=  -J J^sMi  ■  H,ne, 

(4) 

where  denotes  the  H  field  generated  by  Mj  (for 

x  =  wg,  cv),  H,ne  denotes  the  incident  H  field,  and  S  de¬ 
notes  the  aperture  region.  The  formulation  is  greatly  sim¬ 
plified  if,  on  either  side  of  the  aperture,  one  has  a  canonical 
geometry  for  which  a  Green’s  function  in  close  form  exists. 
In  our  waveguide  side-wall  coupling  problem,  the  waveg¬ 
uide  is  a  canonical  geometry,  but  the  1^-cell  RF  cavity  is 
not.  However,  it  is  obvious  that  the  two  cells  are  coupled 
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Figure  2:  An  equivalent  circuit  for  the  waveguide  side-wall 
coupling  problem. 


Figure  3:  An  equivalent  circuit  for  the  case  when  the 
waveguide  is  shorted  at  quarter-wavelength  away  from  the 
aperture. 


to  each  other  primarily  via  the  waveguide  rather  than  via 
the  circular  iris  (note  that  the  circular  iris  is  below  cutoff, 
while  the  waveguide  is  not).  Therefore,  one  can  adopt  the 
following  steps  to  solve  this  problem:  (l)Simplify  by  ignor¬ 
ing  the  iris  and  by  representing  each  cell  as  a  pillbox  cavity 
—  a  canonical  geometry.  (2)Solve  the  simplified  problem 
by  using  the  moment  method  and  construct  an  equivalent 
circuit  representation.  (3)Include  the  effects  of  the  iris  by 
introducing  a  reactive  junction  in  the  equivalent  circuit. 

The  details  of  deriving  Y?*  and  Y-j"  using  Green’s  func¬ 
tions  are  given  in  [5].  Once  Y*'*  and  Y"  are  calcu¬ 
lated,  the  coefficients  Vj  can  be  obtained  using  Eq.  1. 
Then  one  can  obtain  the  reflection  and  transmission  co¬ 
efficients  in  the  presence  of  the  surface  magnetic  current 
M,  =  tjMj-  using  the  Green’s  function  for  the  waveg¬ 
uide.  Tnen  one  can  construct  an  equivalent  circuit,  as 
shown  in  Fig.  2,  which  gives  the  same  reflection  and  trans¬ 
mission  coefficient  as  those  in  the  original  problem.  The 


equivalent  circuit  elements  are 

*i 

= 

/m{Y£>  Migh 

(5) 

X 3 

= 

Jm{Y,V)  /m{Y,V} 

(6) 

x„ 

= 

/m{YiV) 

2Y0Jfc{yS'}’ 

(7) 

Ct 

= 

*<oft?|^(Xoi)|2 

di 

(8) 

Li 

= 

1/UiCi, 

(9) 

Gi 

= 

ViCi/Qi, 

(10) 

— 2A x}Ci 

(11) 

ni 

lio^RldiYoReWy 

where  12,-,  <&,  <*>,-,  and  Q,  are  the  radius,  length,  resonant 
frequency,  and  quality  factor  of  the  i-th  pillbox  cavity, 
respectively,  Ax,-  is  the  aperture  width  for  the  i-th  pill¬ 
box  cavity,  and  Yq  is  the  characteristic  admittance  of  the 
waveguide. 

From  the  equivalent  circuit,  it  is  obvious  that  the  waveg¬ 
uide  must  be  shorted  a  quarter  wavelength  away  from  the 
aperture  so  as  to  obtain  maximum  coupling.  In  that  case, 
by  using  a  Y  -  A  transformation  and  transforming  the 


GLC  circuits  to  the  other  side  of  the  transformer,  (me  ob¬ 
tains  the  circuit  shown  in  Fig.  3. 

We  define  the  variables 

°<  =  +  (12) 

for  i  =  1,2  such  that  |a,-|2  =  stored  energy  in  the  t-th  cell. 
Because  one  is  interested  only  in  the  vicinity  of  resonant 
frequencies  of  both  cells,  the  following  approximations  can 
be  used:  (1)1  -  (*-)>  =  (1  +  £)(1  -  £)  2  2(1  -  £),  and 

(2)a,-  ££  The  circuit  is  readily  solved  given  the 


above  approximations: 

f  y(w-wi)  —it  1  f«il_  fill 

[  -k  j{u  —  Wj)  J  [  J  l^J’ 

(13) 

where 

U'1  ~  Wl\f^+j2C[’ 

(14) 

(15) 

...  ~  jvGi  3 

2  y/CICi’ 

(16) 

j  _  -ju>C13I+ 

1  y/8C[(Y0  +  ju><79)’ 

(17) 

j  _  -juC93l+ 

3  yfiCfrYo  +  jwC3)’ 

(18) 

G\  =  Ci  +  C12  +  Cis, 

(19) 

Cj  =  Cj  +  Ci2  +  Cz3» 

(20) 

C3  =  Ci3  +  Ci3- 

(21) 

It  is  convenient  to  normalize  frequencies  with  respect  to 
the  coupling  coefficient  k:  Q=  .  Then  the  eigenvalues 
and  eigenvectors  of  this  system  are 


=  a+a^(fizA,.+I, 

_  r  i  T  cos  9  -  sin  9 

S  =  [  «+  «-  ]  =  [  61n0  coag 


(22) 

(23) 
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I  =  u»-‘  |.21^a+ ^SLziS). + 1  J(M) 

The  eigenmodes  a+  and  a_  are  known  as  the  symmetric 
(*-)  and  antisymmetric  (0-)  mode,  respectively.  The  re- 
sponse  •  is  a  linear  combination  of  a+  and  a_ :  a  =  Sc  = 
e+a+  +  c_a_  with  c  =  S-1A-1b.  Consider  three  special 
cases:  (l)|^y~*|  >  1  and  ftj  >  Qj.  Here,  the  two  cells 
are  nondegenerate  and  the  first  cell  has  higher  resonant  fre¬ 
quency.  (3)| |  >  1  and  0^  <  Q£.  Here,  the  two  cells 
are  nondegenerate  and  the  second  cell  has  higher  resonant 
frequency.  (3)|°-LyQaj  <  1.  Here,  two  cells  are  degenerate. 
The  resonant  frequencies  Q±,  normal  modes  a±,  and  co¬ 
efficients  e±  for  these  three  cases  are  summarized  in  Table 
1.  In  general,  it  is  very  likely  that  the  cavity  will  be  in 
either  Case  (1)  or  Case  (2)  before  tuning;  in  either  case 
both  the  ir-mode  and  O-mode  can  be  excited.  To  excite  a 
pure  T-mode,  one  must  tune  the  cavity  until  Case  (3)  is 
reached.  Then,  if  the  condition  c_  oc  (62  —  6j)  ~  0  holds, 
one  can  efficiently  suppress  the  O-mode. 


Table  1:  Eigenmodes  and  their  coefficients  for  three  special 
cases. 

We  use  a  network  analyzer  to  measure  the  reflection  co¬ 
efficient  (5n)  for  the  17GHz  RF  gun  cavity.  In  our  exper¬ 
iment,  the  untuned  cavity  belongs  to  Case  (2).  Also,  the 
two  apertures  are  commensurate  in  size  and,  consequently, 
bi  ~  6j.  Therefore,  one  observes  two  distinct  resonances 
with  comparable  magnitude,  as  shown  in  Fig.  4.  After  we 
tune  the  first  cell  to  Case  (3),  only  the  symmetric  (x-) 
mode  is  seen,  as  shown  in  Fig.  5.  Note  that  the  resonance 
of  the  symmetric  mode  is  upshifted  by  an  amount  k,  which 
is  about  16MHz  in  our  experiment. 


III.  Conclusion 
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Figure  4:  The  reflection  coefficient  for  the  untuned  cavity. 


I _ i _ i _ i _ i _ I 

16.7  16.8  16.9  17.0  17.1  17.2 

frequency  (GHz) 


Figure  5:  The  reflection  coefficient  for  the  tuned  cavity. 
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We  have  constructed  an  equivalent  circuit  representation 
for  side-wall  coupling  in  RF  guns.  We  solved  the  equivalent 
circuit  and  found  that,  in  our  coupling  scheme,  only  the 
ir-mode  of  the  lj-cell  cavity  is  excited.  Cold  tests  of  our 
17GHs  gun  confirm  these  predictions. 
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Abstract 

A  novel  concept  for  a  high-current-density  micro-pulse 
electron  gun  has  been  studied.  The  concept  employs  the 
resonant  amplification  of  an  electron  current  by  secondary 
electron  emission  in  an  rf  cavity.  We  have  studied  this 
"mul tipacting'  process  in  detail,  including  space  charge,  and 
have  found  the  parameters  necessary  to  make  use  of  the 
phenomenon  to  produce  a  micro-pulsed  electron  beam.  One 
wall  of  the  cavity  is  made  partially  transparent  to  electrons  but 
opaque  to  the  input  rf  electric  field.  It  is  shown  from  self- 
consistent  analytic  theory  and  two-dimensional,  fully 
relativistic,  electromagnetic  particle-in-ceU  (PIC)  simulations 
that  the  current  density  scales  with  frequency  cubed.  The 
natural  'bunching”,  or  resonant  phase  selection  of  the  particles 
gives  rise  to  high  current  densities  (20-5600  A/cm2),  high 
charge  bunches  (up  to  100  nC/bunch  for  a  solid  beam  and  up 
to  1000  nC  for  a  hollow  beam),  and  short  pulses  (36-3.5  ps) 
for  frequencies  from  1.3  to  8  GHz.  The  beam  pulse  width  is 
found  to  be  typically  4.6%  of  the  rf  period.  Beam  extraction 
through  the  transparent  wall  was  studied  using  a  2-1/2 
dimensional  PIC  code.  Good  beam  transmission  (52-85%) 
with  low  normalized  emittance  (9-18  mm-mrad)  could  be 
achieved.  The  best  normalized  emittance  per  charge  is  3  mm- 
mrad/nC.  Tuning  to  the  resonant  parameters  has  been  shown 
to  be  very  tolerant.  Electrical  breakdown  is  not  a  problem, 
and  materials  are  available  to  satisfy  the  secondary  emission 
yield  requirements  for  this  device.  Applications  are 
accelerator  injectors  and  rf  generation  at  a  high  harmonic  of 
the  fundamental  frequency. 

I.  INTRODUCTION 

The  development  of  high-current,  short-duration  pulses  of 
electrons  has  been  a  challenging  problem  for  many  years. 
High-current  pulses  are  widely  used  in  injector  systems  for 
electron  accelerators,  both  for  industrial  linacs  as  well  as  high- 
energy  accelerators  for  linear  colliders.  Short-duration  pulses 
are  also  used  for  microwave  generation,  in  klystrons  and 
related  devices,  for  research  on  advanced  methods  of  particle 
acceleration,  and  for  injectors  used  for  free-electron  laser 
(FEL)  drivers. 

During  the  last  few  years  considerable  effort  has  been 
applied  to  the  development  of  high  power  linac  injectors  [1-2] 
and  particularly  to  laser-initiated  photocathode  injectors  [3-8]. 
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The  best  of  these  have  somewhat  higher  brightness  than  the 
injector  in  reference  [1],  but  the  reliability  depends  on  the 
choice  of  photocathode  material,  with  the  more  reliable 
materials  requiring  intense  laser  illumination. 

Summarizing,  the  methods  used  to  are  rather 
complex,  cumbersome,  expensive,  and  have  very  definite 
limits  on  performance.  The  method  to  be  described  appears 
to  be  promising  in  large  part  because  of  a  natural  bunching 
process. 

II.  CHARACTERISTICS  OF  THE  HIGH 
CURRENT  MICRO-PULSE  GUN  (MPG) 

Micro-pulses  or  bunches  are  produced  by  resonantly 
amplifying  a  current  of  secondary  electrons  in  an  rf  cavity. 
Bunching  occurs  rapidly  and  is  followed  by  saturation  of  the 
current  density  within  ten  rf  periods.  The  'bunching*  process 
is  not  the  conventional  method  of  compressing  a  long  beam 
into  a  short  one,  but  results  by  selecting  particles  that  are  in 
phase  with  the  rf  electric  field,  i.e.,  resonant.  One  wall  of  the 
cavity  is  highly  transparent  to  electrons  but  opaque  to  the  input 
rf  field.  Hie  transparent  wall  allows  for  the  transmission  of 
the  energetic  electron  bunches  and  serves  as  the  cathode  of  a 
high-voltage  injector.  Axial  and  radial  expansion  of  the  pulse 
is  minimized  outside  the  cavity  by  using  rapid  acceleration  and 
a  combination  of  electrostatic  and  magnetic  focusing.  Inside 
the  cavity,  radial  expansion  is  controlled  by  electric  and/or 
magnetic  fields.  Both  analytic  theory  and  PIC  simulation 
provide  verification  of  this  concept.  This  micro-pulse  electron 
gun  should  provide  a  high  peak  power,  multi-lriloampere, 
picosecond-long  electron  source  which  is  suitable  for  many 
applications. 

m.  RESONANCE  AND  CURRENT  DENSITY 
GAIN 

In  Fig.  1  is  shown  an  rf  cavity  operating  in  a  TM010  mode. 
Now  assume  at  one  of  the  electrode  walls  (the  screen  or  grid) 
of  the  cavity  there  is  a  single  electron  at  rest  near  the  axis. 
This  electron  is  then  accelerated  across  the  cavity  and  strikes 
the  surface  S.  A  number  6  of  secondary  electrons  are  emitted 
off  this  electrode.  Provided  the  average  transit  time  of  an 
electron  in  the  cavity  is  one-half  the  rf  period,  and  that  the 
secondary  electrons  are  in  the  proper  phase  with  the  rf  field, 
these  electrons  will  be  accelerated  towards  the  screen.  If  $  is 
also  the  secondary  electron  yield  per  primary  electron  of  the 
screen,  then  upon  reaching  the  screen,  6T  electrons  will  be 
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transmitted,  where  T  is  the  transmission  factor.  The  number 
of  electrons  which  are  not  transmitted  is  then  3(1 -7)  .This  is 
the  number  of  electrons  which  are  stopped  by  the  screen,  and 
can  thus  produce  6^  1-7)  secondary  electrons.  In  order  to 
have  a  gain  of  electrons,  the  number  of  secondaries  produced 
must  be  greater  than  unity,  that  is,  -T)>  1.  The  gain  of 
electrons  at  time  t  after  a  number  of  transits  is  derived  to  be 
G»[J(l-7)l/2]<-/’>,  where  tIu  is  the  half-period  of  the  radian 
rf  frequency  <■>.  If  there  is  a  "seed"  current  density  7  in  the 
cavity  at  t<* 0,  then  at  time  r  the  current  density  will  be  given 
by  J  «  GJt  “.A  (5(1  -7)1'2](‘*/")  until  space-charge  and  saturation 
limit  the  current.  The  current  density  limit  will  be  shown  in 
later  sections.  The  seed  current  density  can  be  created  by  any 
of  several  sources  including  cosmic  rays.  For  a  very  low  seed 
current  density  a  high  current  density  can  be  achieved  in  a 
very  short  time.  For  example,  if  5 -8,  T =0.75,  and  J1  =  14 
x  Id10  amps/cm5,  at  ten  rf  periods  then  J  =  1500  amps/cm2. 


Figure  1:  Schematic  of  micropulse  gun  for  solid  beam  (TMgl0) 
mode.  A  coaxial  feed  is  used  for  rf  input  (not  shown). 

IV.  STEADY-STATE  PARALLEL-PLATE 
MODEL  WITH  BEAM  (Theory) 


with  initial  conditions  v^r  -  ,  vjj  » r^) ,  and 

■ /ja)  “0.  The  subscripts / and  b  refer  to  the  front  and 
back  electrons  and  the  top  and  bottom  sign,  respectively.  The 
quantities  E0  and  EK  are  the  magnitudes  of  the  rf  and  space 
charge  electric  fields,  respectively. 

At  resonance  when  0-0^  +  t,  where  6  ~ut,8/*utJ0,  and 
particles  must  cross  the  gap,  or  xf-d  and 
xb*d  -Xjg .  Assume  that  v^*  vM»0.  The  following  expression 
is  obtained  from  the  solution  of  the  equation  of  motion  (1), 

lTa,(T 2/2)-(xJO/d)  (2) 

C'of’r2  +22)172  J 

tEn  eE 

where  <t>  =  arctan (2/t) ,  cr0“ — L-  ,  a,- — £_ 

murd  murd 

Ek  *  ne A/2^  and  e0  is  the  permittivity  of  free  space. 

Consider  6b  and  therefore  the  positive  quantity  in  brackets 
in  Eq.  (2).  If  we  increase  the  space  charge  parameter  a,  with 
all  other  parameters  fixed,  the  back  electrons  will  go  out  of 
resonance  when  the  quantity  in  brackets  exceeds  one.  Thus  to 
maintain  resonance  and  the  maximum  space  charge  we  must 
satisfy  the  following  equation 


=<£  -arccos 


a. 


g^(t1+22),'2-1 


(3) 


The  peak  steady-state  current  density  can  be  calculated  from 
the  expression  J  =  nev  and  the  above  results. 


j  2cracos 0, +*•<*. 

—  “a.  u  1 


where 


(Aid) 


Jo=*0-o>'d 


(4) 


(5) 


From  the  solution  of  Eq.  (1)  we  can  calculate 

=  T  [^sin0/“sin^ +^(0f>'a/+7r)cos^/" ^6/~9b  +2r)cos^j 


In  this  section  we  will  solve  self-consistently  for  the  steady 
state  or  saturation  current  density  for  a  beam  (charge  slab)  that 
is  already  "bunched".  The  axial  bunch  length  or  charge  slab 
thickness  is  A,  the  axial  gap  spacing  between  the  parallel 
plates  or  electrodes  is  d,  and  the  beam  density  is  n.  We 
evaluate  the  equations  of  motion  for  electrons  "attached"  to  the 
front  ("/*)  and  back  ("b"). of  the  charge  slab.  The  equations 
of  motion  are 


“(e/mHEgSinwr  ±  EJ 


(1) 


+ 


**  *{8,-9 f 
ef-eb+T 


(6) 


As  will  be  seen  in  the  section  describing  the  PIC  simulations, 
the  u>3  scaling  of  the  saturated  current  derived  above  is  an 
important  scaling  law  for  the  micro-pulse  gun.  This  scaling 
is  also  derivable  from  the  time-dependent  current-voltage 
relation  in  a  diode  first  derived  by  Kadish,  Peter,  and  Jones 

[9]- 
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V.  CURRENT  DENSITY  AS  A  FUNCTION  OF 
TIME  (PIC  Simulation) 

Figure  2  shows  a  plot  of  the  current  density  Jx  across  the 
gap  (d=0.5  cm)  as  a  function  of  time  for  a  simulation  with  an 
rf  frequency  of  6.4  GHz  and  a  voltage  of  105.2  kV.  The 
current  density  is  measured  near  the  second  (right-hand) 
electrode  which,  in  an  actual  experiment,  would  be  the  exit 
screen  or  grid.  Hence,  this  is  the  current  pulse  which  will  exit 
the  device.  The  top  trace,  corresponding  to  a  positive  current 
density,  is  that  current  which  is  emitted  from  the  second 
(right-hand)  electrode  and  propagates  back  to  the  first 
electrode.  The  bottom  trace  (negative  current  density) 
describes  the  beam  that  would  leave  the  cavity.  The  curves 
are  not  symmetric  about  ]• 0  because  the  beam  pulses  have 
substantially  different  charge  densities  and  velocities  when 
they  cross  the  position  of  the  probe.  In  the  case  for  which  the 
current  density  is  positive  (i.e.,  electrons  are  propagating  in 
the  negative  x  direction),  the  electrons  have  just  been  emitted 
from  the  electrode  and  form  a  high-density  bunch  at  a 
relatively  low  energy.  In  the  case  for  which  the  current  density 
is  negative  (i.e.,  electrons  are  propagating  in  the  positive  x 
direction),  the  electrons  have  already  crossed  the  gap  and  are 
at  a  relatively  high  energy,  and  have  spread  somewhat  due  to 
space  charge  effects.  The  simulation  ran  out  to  a  total  of  2  ns 
and  reached  a  peak  amplitude  of  2.8  kA/cm2  for  d=0.5  cm. 
At  a  gap  length  of  1.0  cm,  the  resulting  current  density 
increased  to  7  kA/cm2.  Both  cases  use  a0  =*0.453. 


of  simulations  with  gap  length  0.5  cm  and  drive  parameter 
o/q  -  0.453 .  For  comparison,  we  also  plot  the  theoretical  curve 
for  Jx  vs.  frequency  from  the  theory  described  in  Section  IV. 
Note  the  excellent  agreement  between  theory  and  simulation. 
The  <i?  scaling  for  the  MPG  provides  an  important 
characterization  of  the  proposed  device.  Note  that  the  rf 
voltage  must  increase  in  proportion  to  w2  to  maintain  a  fixed 
<V 


Comparison  of  Theory  and  Simulation 


Figure  3:  Comparison  of  peak  current  density  in  lcA/cm2 
versus  frequency  for  simulation  and  theory  for  a  gap  length  of 
0.5  cm  and  drive  parameter  a0  =0.453. 


Figure  2:  Plot  of  current  density  vs.  time  for  simulation  with 
rf  frequency  6.4  GHz,  voltage  amplitude  105  kV,  d-0.5  cm, 
and  a0  =0.453. 

VI.  CURRENT  DENSITY  VS.  FREQUENCY 

In  Fig.  3  we  plot  simulation  results  for  the  peak  current 
density  (at  saturation)  Jx  (kA/cm2)  vs.  frequency  for  a  series 
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Aittmci 

Cathodes  made  of  thin-film  field  emission  arrays 
(FEA)  have  the  advantages  of  high  current  density,  pulsed 
emission,  and  low  bias  voltage  operation.  We  have  devel¬ 
oped  a  technology  to  fabricate  knife-edge  field  emission 
cathodes  on  (110)  silicon  wafers.  The  emitter  geometry 
is  optimised  for  efficient  modulation  at  high  frequency. 
Cathode  fabrication  progress  and  preliminary  analysis  of 
their  applications  in  RF  power  sources  are  presented. 

I.  INTRODUCTION 

The  RF  power  sources  needed  for  future  e+e~  linear 
colliders  and  RF-linac-driven  FEL’s  both  require  an  elec¬ 
tron  source  with  the  capability  of  emitting  electrons  in 
high  density  pulses.  Traditional  dispenser  cathodes  used 
in  klystrons,  for  example,  provide  a  d.c.  current  den- 
sity  <10  A/cm3  and  require  a  buncher  to  achieve  pulsed 
beams.  The  bunching  process  usually  increases  the  beam 
emittance  and  introduces  instability  limits  to  bunch  cur¬ 
rents  and  length.  As  an  alternative,  our  gigatron  project 
[1]  features  a  gated  field  emitter  array  that  produces 
pulsed  electron  beams  in  the  form  of  ribbons.  The  ribbon 
beams  are  accelerated  in  a  diode,  and  then  pass  through  a 
traveling  wave  coupler  where  the  RF  power  is  extracted. 
By  eliminating  the  bunching  process  and  minimising  the 
transit  of  bunched  beam  to  the  output  coupler,  extreme 
beam  stability  and  excellent  RF  efficiency  should  be  fea¬ 
sible  to  attain.  The  first  demonstration  of  emission  from 
FEA’s  was  reported  by  Spindt  et  al.  at  SRI  [2].  Gray  [3} 
and  many  others  [4]  have  also  actively  worked  to  develop 
FEA’s  for  vacuum  microelectronics.  Spindt’s  FEA’s  have 
produced  current  densities  as  high  as  1000  A/cm3  from 
an  area  of  ~1  mm3  [4],  but  the  frequency  modulation 
achieved  is  below  1  GHs  [5].  For  the  gigatron  it  is  neces¬ 
sary  to  develop  a  new  type  of  FEA  which  can  support  ef¬ 
ficient  modulation  and  high  current  density  at  frequencies 
>10  GHs.  The  focus  of  this  work  is  to  fabricate  knife-edge 
thin  film  field  emission  cathodes  on  (110)  silicon  wafers. 
Preliminary  studies  show  that  this  cathode  can  meet  the 
requirements  of  the  gigatron. 

II.  FIELD  EMISSION  ARRAY  CATHODES 

The  Spindt-type  FEA  is  so  far  the  most  successful 
FEA  cathode.  Its  structure  is  shown  in  Figure  1(a).  The 
emitter  is  a  metal  cone  sitting  at  the  center  of  a  cav¬ 
ity  formed  on  a  metal-insulator-semiconductor  sandwich 
structure.  The  top  metal  layer  serves  as  the  modulating 
gate.  When  a  voltage  is  applied  between  the  gate  and 
the  substrate,  a  electric  field  E  concentrates  near  the  tip 


of  the  cone  and  can  support  field  emission.  The  emitted 
current  density  J  is  described  by  the  Fowler-  Nordheim 
equation  [6): 

J  =  AE3exp(-B<t>3/1/E) 


(a)  (b) 

Figure  1.  The  cross  section  geometry  of  Spindt-type  FEA 
(a)  and  the  knife-edge  FEA  (b). 

where  A  and  B  are  two  parameters  close  to  constant  and  4> 
is  the  work  function  of  the  emitter  material.  For  high  per¬ 
formance  FEA’s,  it  is  desired  to  have  large  current  emis¬ 
sion  at  low  bias  voltage.  This  requires  that  the  emitter 
structure  is  designed  to  maximise  the  field  at  the  emitter 
apex.  This  includes  a  small  emitter  radius  and  a  small 
gate  opening.  The  Spindt-type  FEA  has  a  tip  radius 
around  500  A,  a  gate  diameter  of  about  1  pm,  and  a 
gate/base  gap  of  about  1  pm.  With  these  dimensions,  the 
emission  starts  with  ~100  V  bias.  For  modulated  emis¬ 
sions,  however,  the  Spindt-type  FEA’s  have  a  drawback: 
the  gap  between  the  gate  and  the  substrate  is  small  and 
the  sandwich  structure  presents  a  large  parasitic  capaci¬ 
tance  to  the  modulation  driver.  The  cutoff  frequency  is 
/r  =  ffm/2irC,  where  gm  is  transconductance  of  the  emit¬ 
ter,  gm  =  (A/e/AV'J)|vc.  Spindt  has  improved  the  fab¬ 
rication  process  to  reduce  the  overlapping  area  between 
the  gate  and  the  base  layers,  but  this  only  increases  the 
estimated  ft  to  ~1  GHz. 

The  gigatron  is  designed  to  operate  at  18  GHz  or 
higher  frequencies;  for  this  goal,  w«  have  proposed  a  new 
fabrication  approach  [7]  that  makes  knife-edge  field  emis¬ 
sion  arrays  (KEFEA)  on  (110)  silicon  wafers.  A  cross 
section  of  the  structure  is  shown  in  figure  1(b).  We  have 
increased  the  gate/base  gap  to  about  8  pm  and  reduced 
the  gate  opening  to  ~0.2  p\ m.  The  capacitance  per  unit 
area  is  reduced  thereby  by  a  factor  20  from  Spindt-type 
FEA’s.  Figure  2  shows  a  POISSON  [8]  simulation  of  the 
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potential  distribution  in  both  the  Spindt-type  FEA  and 
our  KEFEA  structure.  The  smaller  gate  opening  in  the 
KEFEA  produces  higher  field  for  the  same  voltage  bias, 
with  lower  parasitic  capacitance.  Both  effects  increase  the 
transconductance. 


Figure  2.  POISSON  simulations  showing  the  equipoten- 
tial  lines  of  Spindt-type  FEA  (a)  and  KEFEA  (b). 


Figure  3.  SEM  picture  showing  the  wall  structure  formed 
by  KOH  solution  etching. 

III.  FABRICATED  STRUCTURE  OF  KEFEA 

The  fabrication  starts  with  a  plain  (110)  silicon  wafer. 
We  use  photolithography  to  put  down  a  Si02  pattern  of 
width  ~4  pm.  Orientation-dependent  etching  of  the  wafer 
in  a  KOH  solution  forms  a  structure  as  shown  in  Figure  3. 
The  silicon  is  etched  along  crystal  planes  to  produce  rect¬ 
angular  prisms  ~10  pm  high,  which  serve  as  the  “blanks” 
from  which  the  knife-edges  will  be  formed.  A  second  etch 
in  a  solution  made  of  HF,  HNO3  and  CH3COOH  (Dash 
etching)  sharpens  the  top  portion  of  the  wall-like  struc¬ 
ture  (Figure  4).  The  cross  section  of  this  knife-edge  is  very 
similar  to  that  of  Figure  1(b),  with  an  edge  half  an,"le  of 
about  5*.  Our  measurement  from  a  scanning  electron  mi¬ 
crograph  (SEM)  shows  that  the  radii  of  these  etched  edges 
are  less  than  500  A.  To  further  reduce  the  knife-edge  ra¬ 
dius,  we  use  a  thermal  oxidation  process  to  grow  a  surface 
layer  of  Si02  into  the  knife-edge  structure.  The  oxidation 


process  is  carried  out  at  temperatures  below  1000*0,  and 
serves  to  sharpen  the  comer  at  the  top  of  the  Si/Si02 
interface.  Our  measurement  shows  that  the  edge  radius 
obtained  this  way  is  less  than  200  A.  A  study  by  Marcus 
et  al.  [9]  has  shown  that  a  radius  of  10  A  can  be  obtained 
in  this  way. 


The  insulator  material  used  in  the  Spindt-type  FEA 
is  Si02,  which  has  a  dielectric  constant  of  3.9.  For  the 
KEFEA,  we  use  a  layer  of  polyimide  coating  (PI).  PI  has 
a  lower  dielectric  constat  (2.9  to  3.3),  giving  a  further  re¬ 
duction  of  capacitance.  We  apply  the  polyimide  as  a  spin- 
on  liquid  with  a  layer  thickness  of  ~10  pm.  This  allows 
us  to  make  the  knife-edge  structure  ~8  pm  high.  When 
PI  is  applied,  it  planarizes  above  the  knife  edges.  The  PI 
is  then  etched  in  an  02/CF4  plasma  which  isotropically 
removes  ~3  pm  of  the  PI  material,  and  exposes  the  top 
~1  pm  of  the  knife  edges.  The  top  edges  of  the  native 
silicon  inside  the  Si02  layer  is  then  located  at  about  at 
the  same  level  as  this  etched  PI  surface. 

The  metal  used  for  the  gate  layer  is  applied  using 
RF  sputtering,  with  a  thickness  of  ~0.5  pm.  We  then 
apply  a  layer  of  photoresist  and  etch  it  back  to  expose  the 
top  portion  of  the  metal  covered  knife-edges.  The  metal 
layer  is  then  etched  to  expose  the  Si02  layer  over  the  knife 
edge.  Using  a  HF  solution  we  then  strip  away  the  Si02  to 
expose  silicon  emitter  edge.  Since  we  can  precisely  control 
the  thickness  of  the  thermally  grown  Si02  layer,  we  can 
produce  a  gate-emitter  spacing  ~0.1  pm. 

Figure  5  shows  the  finished  structure  of  our  KEFEA. 
The  height  of  the  emitter  and  the  gate/base  gap  is  about 
8  pm.  The  emitter-edge  is  at  the  same  level  as  the  gate. 
The  metal  is  etched  back  and  a  gap  is  opened  over  the 
knife  edge.  (This  sample  was  overetched,  giving  a  wider 
gap  than  that  of  our  design.) 

IV.  DISCUSSION 

The  challenges  for  modulating  FF  ■  cathodes  at  mi¬ 
crowave  frequency  are: 
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•  shrinking  the  control  gap  to  enhance  transcondue- 
tance  and  reduce  transit  time; 

•  isolating  the  gate  from  the  substrate  to  reduce  para¬ 
sitic  capacitance. 

In  KEFEA  we  have  devised  a  means  to  fabri¬ 
cate  knife-edges  with  extremely  small  edge  radius  and 
gate/edge  gap.  The  thermal  oxide  process  is  key  to  achiev¬ 
ing  both  features.  It  sharpens  the  tip  radius  to  ~100A, 
and  provides  an  accurate  means  of  making  a  controlled 
gap  of  <>0.1  /im  between  tip  and  gate.  This  process  is 
a  new  development  in  vacuum  microelectronics  and  pro¬ 
duces  the  same  field  enhancement  factor  at  a  knife-edge 
as  the  best  enhancement  attained  on  Spindt-type  tips. 


Figure  5.  SEM  picture  of  KEFEA  structure. 

Using  orientation-dependent  etching  to  prepare  the 
knife-edge  blanks  and  spin-on  polyimide  to  build  the  di¬ 
electric  support  for  the  gate  layer,  the  gate-base  separa¬ 
tion  can  be  increased  and  the  parasitic  capacitence  re¬ 
duced  by  a  factor  of  10  compared  to  Spindt-type  tip  ar¬ 
rays. 

Field  emission  from  any  emitter  geometry  always  oc¬ 
curs  at  a  microscopic  region  (hot  spot)  where  the  work 
function  is  lowest  or  the  surface  features  most  irregular. 
Emission  from  adjacent  regions  is  suppressed  by  space- 
charge  even  as  electric  field  is  increased.  Studies  of  field 
emission  from  tip  arrays  have  shown  that  only  a  single 
~nm-sized  hot  spot  emits  on  each  tip.  The  maximum 
practical  emitter  density  (3  pm  tip  array)  is  ~107/cma. 

By  contrast  the  KEFEA  geometry  should  produce 
emission  from  hot  spots  which  are  spaced  along  the  edge 
by  a  separation  comparable  to  the  edge/gate  spacing  (the 
spacing  at  which  adjacent  regions  are  isolated  from  one 
another ’8  space  charge).  For  a  10  pm  knife-edge  spac¬ 
ing  and  an  edge/gate  gap  of  0.1  pm,  the  emitter  density 
should  be  ~108/cm2. 


The  improvements  -  high  field  concentration,  10 
times  leas  parasitic  capacitance,  and  10  times  more 
in  emitter  density  -  translate  directly  into  improved 
transconductance  and  bandwidth.  The  ultimate  high- 
frequency  limit  would  come  from  transit  time  in  the 
edge/gate  gap.  For  a  modulation  ~10V  and  a  gap  of 
~0.1  pm,  the  transit  time  would  be  ~10-13  sec,  corre¬ 
sponding  to  a  cut-off  frequency  /r~400  GHs. 

Present  development  of  the  KEFEA  technology  has 
achieved  all  of  the  process  steps.  Currently  the  edge/gate 
geometry  is  being  fine-tuned  in  the  final  etc’  >ps,  and 
initial  emission  experiments  will  begin  soo  direc¬ 

tion  for  further  development  is  the  poesibilii,  deposit¬ 
ing  a  low-work-function  material  onto  the  finished  tip  sur¬ 
face.  Candidate  materials  include  CVD  diamond  and  cer¬ 
met.  The  development  of  modular  KEFEA  cathodes  for 
the  gigatron  and  other  applications  is  in  progress. 
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Abstract 

The  goal  of  developing  a  highly  efficient  microwave 
power  source  has  led  us  to  investigate  new  methods  of 
electron  field  emission.  One  method  presently  under  con¬ 
sideration  involves  the  use  of  oxidised  porous  silicon  thin 
films.  We  have  used  this  technology  to  fabricate  the  first 
working  field  emission  arrays  from  this  substance.  This 
approach  reduces  the  diameter  of  an  individual  emitter 
to  the  nanometer  scale.  Tests  of  the  first  samples  are  en¬ 
couraging,  with  extracted  electron  currents  to  nearly  1 
mA  resulting  from  less  than  20  V  of  pulsed  DC  gate  volt¬ 
age.  Modulated  emission  at  5  MHs  was  also  observed. 
Development  of  a  full-scale  emission  array  capable  of  de¬ 
livering  an  electron  beam  at  18  GHs  of  minimum  density 
100  A/cma  is  in  progress. 

I.  INTRODUCTION 

A.  Motivation 

The  gigatron  is  a  project  currently  under  develop¬ 
ment  by  the  High  Energy  Accelerator  Physics  group  at 
Texas  A&M  University  [1].  It  is  a  high-efficiency  mi¬ 
crowave  power  source  primarily  intended  for  use  in  the 
next  generation  of  linear  accelerators. 

One  of  the  key  innovations  required  for  the  gigatron 
design  is  its  cathode,  which  delivers  a  directly  modulated 
electron  beam.  This  improvement  eliminates  the  need  for 
beam  bunching  and  greatly  improves  the  system  efficiency 
compared  to  conventional  power  systems  that  rely  on  d.c. 
electron  sources. 

The  search  for  a  technology  capable  of  delivering  a 
high-intensity,  high-current  electron  beam  at  18  GHs  led 
our  group  to  investigate  the  use  of  porous  silicon  field 
emission  devices. 

B.  History  of  Oxidized  Porous  Silicon  Field  Emission  De¬ 
vices 

Porous  silicon  is  a  remarkable  material.  By  galvan¬ 
ically  etching  silicon  in  an  HF  solution,  a  dense  array  of 
nanoscopic  pores  are  etched  in  the  surface.  The  pore  di¬ 
ameter  and  spacing  are  ~100  A;  the  pores  can  be  etched 
up  to  100  pm  deep  with  remarkably  uniform  cross-section. 
A  companion  paper  in  this  conference  [2]  describes  the 
morphology  of  porous  silicon. 

Dr.  W.  K.  Yue  began  research  on  the  subject  of  emis¬ 
sive  oxidised  porous  silicon  films  while  he  was  a  graduate 
student  [3].  He  developed  a  device  known  as  the  Oxidised 
Porous  Silicon  Field  Emission  Diode  (OPSFED)  whose 
interesting  properties  led  us  into  this  area  of  study.  In  a 


diode  configuration  he  obtained  stable  electron  field  emis¬ 
sion  from  microtips  of  highly  doped  silicon  left  over  from 
the  anodisation  reaction  that  creates  the  porous  layer. 
See  Figure  1.  Sustained  diode  currents  of  ~20  A/cm2 
were  obtained  with  a  bias  voltage  of  ~10  V. 


Figure  1.  Schematic  side  view  of  the  OPSFED. 

C.  Triode  Development 

A  means  of  extracting  the  electron  beam  from  the 
porous  layer  needed  to  be  found  in  order  for  this  approach 
to  be  useful  for  a  gigatron  cathode.  No  group  had  ever 
succeeded  in  this  endeavor.  The  key  to  extraction  is  to 
provide  a  surface  metallisation  on  the  (dielectric)  porous 
silicon  surface,  which  would  provide  a  boundary  conduc¬ 
tor  to  effectively  modulate  the  field  in  the  pores.  The 
metallisation  must  however  be  thin  enough  to  leave  the 
pores  open  at  the  vacuum  interface. 

A  metallisation  scheme  developed  at  Ford  Motor 
Labs  by  Dr.  R.  C.  Jaklevic  et  of.  was  tried  [4].  Approxi¬ 
mately  40  A  of  gold  were  applied  by  Dr.  Jaklevic’s  group 
to  the  surface  of  four  field-emissive  oxidised  porous  silicon 
layers  we  prepared. 

After  metallisation,  the  samples  were  diced  and 
tested.  All  four  samples  yielded  extracted  emission  cur¬ 
rent,  and  a  new  device  was  born:  the  oxidised  porous 
silicon  field  emission  array. 

II.  FABRICATION  AND  TESTING 

D.  Fabrication 

The  proof-of-principle  triode  prototypes  were  fabri¬ 
cated  in  four  steps:  anodisation,  hydrofluoric  acid  re¬ 
moval,  oxidation,  and  metallisation. 

Anodisation  is  the  process  by  which  porous  silicon 
is  formed.  A  silicon  wafer  is  immersed  in  a  solution  of 
concentrated  hydrofluoric  acid  and  ethanol.  A  galvanic 
current  is  then  passed  through  the  wafer.  The  idea  is 
illustrated  in  Figure  2. 


A 

Work  supported  by  U.S.  Department  of  Energy,  Office  of  High  Energy  Physics,  under  contract  no.  DE-FG02-91ER40613 
0-7803-1203-1/93303.00  C 1993  IEEE 


Process  parameters  include  crystal  orientation  of  the 
wafer,  dopant  type  and  concentration,  anodisation  cur¬ 
rent  density,  HF  concentration,  and  time  of  anodisation. 
The  samples  we  used  for  the  triodes  were  p<100>  Si, 
0.001  Ocm.  They  were  anodised  for  10  s  under  30%  wt. 
[HF],  and  the  current  density  was  varied. 

After  anodisation  the  wafers  were  placed  under  vac¬ 
uum  for  several  hours  to  remove  all  residual  HF  from  the 
pores  so  that  no  further  silicon  etching  could  take  place. 


Figure  2.  Apparatus  to  make  porous  silicon. 

Oxidation  of  the  films  is  carried  out  in  a  diffusion 
furnace.  The  temperature  of  the  oxidation  is  kept  well 
below  that  needed  to  initiate  thermal  SiOj  growth  in  the 
bulk  silicon. 

The  metallisation  was  an  evaporation  at  ultrahigh 
vacuum  with  the  substrate  held  at  liquid  nitrogen  tem¬ 
perature.  Forty  angstroms  of  gold  were  applied.  This 
step  was  done  for  us  at  Ford  Motor  Research  Labs. 

The  samples  were  laser-scribed  into  2  mm  squares 
and  attached  to  TO-5  transistor  headers  as  shown  below. 
See  Figure  3. 

ullrathin  Au 


substrate  snatched 
to  case  and  grounded 


Figure  3.  A  field  emission  array  ready  for  testing. 

E.  Experimental  Setup 

The  mounted  samples  were  placed  in  a  vacuum  cham¬ 
ber  and  pumped  to  a  base  pressure  of  2  x  10~8  Torr.  A 
curved  stainless  steel  tube  approximately  2  mm  from  the 
gate  served  as  the  collector. 

A  curve  tracer  and  a  variable  duty  cycle  pulser  pro¬ 
vided  gate  voltage  (V,)  waveforms  to  the  devices.  The 
collector  current  (Ie)  and  gate  current  (I,)  were  measured 
as  a  function  of  Ve  and  collector  voltage  Vc. 


III.  RESULTS 

As  mentioned  earlier,  all  four  sets  of  oxidised 
porous  silicon  triodes  produced  extracted  emission  cur¬ 
rent.  Fowler- Nordheim  plots  of  both  Ic  and  If  as  functions 
of  V,  were  made.  Peak  le  for  all  traces  was  on  the  order 
of  several  hundred  microamperes,  and  V,  was  below  20  V. 
The  curvature  of  the  Ic-V,  plots  is  in  qualitative  agree¬ 
ment  with  the  model  calculations  of  R.  Johnston  [4]  for 
emission  from  extremely  sharp  silicon  tips.  See  Figure  4. 
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Figure  4.  Fowler- Nordheim  plot  of  collector  current  vs. 
applied  gate  voltage  for  all  four  samples  of  oxidised  porous 
silicon  field  emission  arrays. 
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Figure  5.  Fowler-Nordheim  plot  of  the  gate  current  vs. 
the  applied  gate  voltage. 

The  geometry  of  the  first  triodes  inevitably  led  to  a 
large  gate  current,  because  many  pores  were  obscured  by 
the  connection  to  the  gate  layer.  We  used  this  data  along 
with  the  area  of  the  gate  connection  to  determine  the 
emission  current  density.  The  gate  connection  was  about 
0.5  mm  in  diameter,  and  supported  currents  to  above  2 
A  in  pulsed  mode,  leading  to  a  current  density  of  about 
450  A/cm2.  Fowler-Nordheim  plots  of  I9-V9  show  the 
field-emissive  nature  of  the  gate  current,  as  shown  in  Fig¬ 
ure  5.  Plate  characteristics  were  measured  by  holding  Vg 
fixed  and  measuring  Ic  as  Vc  was  varied.  A  typical  plate 
characteristic  is  shown  in  Figure  6. 

Modulated  gate  signals  were  applied  to  the  devices 
and  emission  was  recorded.  Figure  7  shows  modulation 


2709 


of  an  array  at  different  frequencies.  Hie  upper  oscillo¬ 
scope  trace  is  the  voltage  signal  applied  to  the  gate,  and 
the  lower  trace  is  the  collector  current  read  through  a  10 
kO  resistor.  Frequency  cutoffs  were  consistent  with  the 
predicted  RC  cutoffs  for  the  measured  resistivities  and 
capacitances  of  the  test  devices. 

Plate  Characteristic  for  OPS  Trioda  (042 
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Figure  6.  Plate  characteristic  of  the  oxidized  porous  sili¬ 
con  field  emission  array. 
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IV.  SUMMARY 

The  next  generation  of  field  emission  arrays  will  uti¬ 
lize  a  geometry  consisting  of  alternating  emission  and  bias 
feed  areas.  See  Figure  8.  This  geometry  radically  im¬ 
proves  power  gain  by  blocking  gate  current  while  increase 
ing  the  total  active  emission  area.  The  optimum  design 
parameters  are  still  under  consideration.  Calculations  in¬ 
dicate  that  a  device  capacitance  of  20  pF/mm3  is  possible 


and  this  results  in  a  3  dB  point  above  15  GHz,  suitable 
for  gigatron  operation. 

The  use  of  oxidized  porous  silicon  is  a  new  approach 
to  the  fabrication  of  field  emission  devices,  which  holds  the 
possibility  of  improving  both  the  peak  output  of  large- 
scale  emission  arrays  and  the  frequency  at  which  field 
emission  cathodes  can  operate. 


Figure  8.  Geometry,  for  the  Oxidized  Porous  Silicon 
Stripline  Field  Emission  Array. 
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Figure  7.  Oscilloscope  traces  showing  modulated  emission  from  an  oxidized  porous  silicon  field  emission  array 

at  (a)  200  kHz,  (b)  1  MHz,  and  (c)  5  MHz. 
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Abstract 

Field  emitter  devices  are  being  developed  for  the  gi- 
gatron[l],  a  high-efficiency,  high  frequency  and  high  power 
microwave  source.  One  approach  being  investigated  is 
porous  silicon,  where  a  dense  matrix  of  nanoscopic  pores 
axe  galvanically  etched  into  a  silicon  surface.  In  the 
present  paper  pore  morphologies  were  used  to  characterise 
these  materials.  Using  of  Scanning  Electron  Microscope 
(SEM)  and  Transmision  Electron  Microscope  (TEM)  im¬ 
ages  of  both  N-type  and  P-type  porous  layers,  it  is  found 
that  pores  propagate  along  the  <  100  >  crystallographic 
direction,  perpendicular  to  the  surface  of  (100)  silicon. 
Distinct  morphologies  were  observed  systematically  near 
the  surface,  in  the  main  bulk  and  near  the  bottom  of 
N-type  (100)  silicon  lift-off  samples.  It  is  seen  that  the 
pores  are  not  cylindrical  but  exhibit  more  or  less  approx¬ 
imately  square  cross  sections.  X-ray  diffraction  spectra 
and  electron  diffraction  patterns  verified  that  bulk  porous 
silicon  is  still  a  single  crystal.  In  addition,  a  Scanning 
Tunnelling  Microscope  (STM)  and  an  Atomic  Force  Mi¬ 
croscope  (AFM)  were  successfully  applied  to  image  the 
40  A  gold  film  structure  which  was  coated  upon  a  cooled 
porous  silicon  layer.  By  associating  the  morphology  study 
with  the  measured  emitting  current  density  of  the  Oxi¬ 
dised  Porous  Silicon  Field  Emission  Triode  (OPSFET), 
techniques  for  the  surface  treatment  of  porous  silicon  will 
be  optimised. 

I.  INTRODUCTION 

Yue[2]  demonstrated  that  diodes  formed  using  porous 
silicon  films  can  sustain  remarkable  transconductance, 
that  the  process  is  field  emission,  and  that  the  emitted 
electrons  are  transported  in  the  vacuum  pores  of  the  ma¬ 
terial.  He  dubbed  this  device  ihe  Oxidised  Porous  Silicon 
Field  Emission  Diode  (OPSFED).  Both  N-  and  P-type 
silicon  with  different  orientations  and  doping  concentra¬ 
tions  were  used  to  investigate  field  emission  properties  of 
the  OPSFED.  Further  study  [3]  showed  that  the  OPSFED 
field  emission  current  density  was  higher  with  P-type  than 
with  N-type  silicon.  With  an  operation  voltage  of  less 
than  20  V,  the  current  density  reached  more  than  100 
A/cm3.  Next,  an  Oxidised  Porous  Silicon  Field  Emission 
Triode  (OPSFET)  was  developed  with  P-type  (100)  sili¬ 
con,  anodised  with  current  densities  from  40  mA/cm3  to 
70  mA/cm3.  In  order  to  obtain  a  smooth  gold  layer  over 
the  porous  silicon  but  keep  the  fine  pores  open,  a  thin  gold 
film  was  evaporated  onto  the  porous  silicon  substrate  that 
had  been  cooled  to  liquid-nitrogen  temperature.  The  gold 


film  serves  as  a  gate  electrode  in  the  OPSFET  to  obtain 
high  electronic  field  strengths  for  extracting  electron  emis¬ 
sion  efficiently.  The  morphology  study  presented  in  this 
paper  is  aimed  at  providing  a  technological  means  to  dis¬ 
tinguish  differences  in  morphologies  of  the  porous  silicon 
samples  that  were  prepared  under  the  same  conditions 
as  the  porous  silicon  for  OPSFED’s  and  OPSFET’s  were 
fabricated. 

II.  SAMPLE  PREPARATION 

The  porous  silicon  samples  for  morphology  study 
were  all  anodised  in  an  anodisation  cell  with  a  1:3  mixture 
of  99%  wt.  ethanol  :  49%  wt.  HF  solution.  After  bak¬ 
ing  at  65°  C  for  10  minutes  all  the  samples  were  pumped 
down  to  10  ~T  Torr  vacuum  overnight  for  evacuating  the 
residual  HF  solution  from  the  pores.  Afterwards,  sam¬ 
ples  prepared  for  SEM,  AFM  and  STM  were  oxidised  in 
the  furnace  at  845°  C  for  45  minutes.  STM  samples  were 
placed  onto  a  substrate  cooled  to  77°  K  and  coated  with 
40  A  gold  by  thermal  evaporation.  Both  P-type  and  N- 
type  (100)  silicon  were  investigated. 


(a)  (b) 


(c)  (d)  - 400  nm 

Fig.l  Plan- view  SEM  images  of  porous  silicon  samples  be¬ 
fore  and  after  RIE.  (a)  and  (b)  P-type  (100),  0.01  Ocm, 
anodisation  current  density  is  40  mA/cm3,  (a)  after  2 
min  RIE,  (b)  before  RIE.  (c)  and  (d)  JV+-type  (100), 
0.001  Ocm,  75  mA/cm3,  (c)  after  1  min  RIE,  (d)  before 
RIE. 

The  instruments  that  we  have  used  in  our  experi¬ 
ments  are:  SEM:  JEOL  8400;  TEM:  Zeiss  10C,  JEOL 
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2010;  AFM:  Nuowope  3;  STM:  Nanoscope  2;  RJE:  Dry- 
tech  DRIE-100;  and  Dual  Ion  Mill:  600  series. 

III.  EXPERIMENTS  AND  RESULTS 

A.  Porous  silicon  in  ike  top  taper  and  main  hulk 

Fig.  1(a)  aad  Fig.l(e)  show  the  plan- view  SEM  images 
of  the  JV+-type  porous  silicon  surfaces  after  reactive  ion 
etching  (RIE)  for  1  minute  and  2  minutes  respectively  by 
using  SFn  gas  at  a  flow  rate  of  7  seem,  a  power  of  200 
W  and  a  bias  of  -550  V.  RIE  etches  the  top  porous  layer 
about  600  A  /min.  The  etched  thickness  was  measured 
using  an  ALFA  stepper.  Comparing  SEM  images  before 
and  after  RIE  etching,  it  is  seen  that  N+- type  oxidized 
porous  silicon  has  different  pore  densities  between  the  top 
surface  layer  and  the  main  bulk. 


(b)  _ 10  nm 

Fig.2  Plan-view  TEM  images,  (a)  N+- type  porous  silicon 
lift-off  sample,  0.001  ft  cm,  near  lift-off  side,  (b)  P+-type 
porous  silicon,  0.001  ft  cm,  anodisation  current  density: 
60mA/ cm2 

B.  Pore  shape  and  propagation 

The  lift-off  technology  was  used  in  preparing  samples. 
Anodization  was  ended  by  slowly  increasing  anodisation 
current  to  350  mA/cm2  for  1  minute  so  that  the  porous 
silicon  membrane  was  lifted  off  from  the  substrate.  Fig.2 
(a)  shows  a  TEM  plan-view  image  near  the  lift-off  side 
made  from  Af+-type  silicon.  Pores  in  this  view  exhibit 
mostly  square  cross-section.  Fig.2  (b)  shows  a  TEM  plan- 
view  image  made  from  P+- type  silicon.  It  is  found  that 
pores  propagate  along  the  <  100  >  crystallographic  direc¬ 
tion,  perpendicular  to  the  surface  of  (100)  silicon  wafers. 


A  similar  result  was  reported  by  Chuang  and  Smith  [4). 
The  porous  silicon  formation  mechanisms  were  discussed 
by  Smith  and  Collins  [5]. 

C.  Pore  site  and  density 

Samples  from  P+- type,  0.001  Ocm,  (100)  silicon 
wafers  (“P+")  were  anodized  at  current  densities  of 
20mA/cmJ,  40mA/cm2,  60mA/cmJ  80mA/cm2  and 
150mA/cm3  respectively.  These  samples  were  investi¬ 
gated  by  TEM  and  AFM.  Fig.3  shows  pore  sizes  in  cross 
sectional  TEM  (XTEM),  increasing  with  the  anodization 
current  density.  The  pore  sizes  and  densities  were  mea¬ 
sured  from  both  cross  sectional  and  plan-view  TEM  im¬ 
ages,  and  are  listed  in  Table  1.  TEM  electron  diffrac¬ 
tion  pattern  and  X-Ray  diffraction  spectra  indicate  that 
porous  silicon  is  still  single  crystalline. 


(a)  (b)  _ 25  nm 

Fig.3  XTEM  images  of  P+  porous  silicon,  (a)  anodiza¬ 
tion  current  density  150mA/cm2.  (b)  anodization  current 
density  80mA/cm3. 


Table  1  Pores  size  and  density  in  porous  silicon 


doping 

type 

anodization 
cuurent  density 
(mA/cm3) 

pore  size 

(nm) 

pore  density 

(10u/cm3) 

P+ 

150 

5-  16 

2-5.0 

80 

4-  11 

2-4.5 

60 

4-9 

2-4.5 

40 

3-8 

2-  3.5 

20 

3-6 

N+ 

60 

4-6 

6-7 

D.  Structure  of  gold  gate  electrode  layer 

A  40  A  gold  film  was  coated  onto  the  surface  of 
porous  silicon  by  thermal  evaporation  in  a  10~8  Torr  oil- 
free  vacuum  chamber  [6].  The  substrates  were  cooled  to 
liquid-nitrogen  temperature  during  the  coating  process. 
The  low  temperature  is  expected  to  limit  migration  of  de¬ 
posited  gold  atoms,  preventing  formation  of  islands  and 
thereby  creating  a  smooth  thin  film.  This  technology  has 
been  successfully  used  with  various  kinds  of  dielectric  sub¬ 
strates  [6].  The  coated  gold  thin  film  is  used  as  a  gate  elec¬ 
trode  layer,  which  could  be  used  to  extract  emitted  elec- 
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tron  current  from  the  porous  silicon  to  the  anode  if  those 
pores  remain  open  after  coating.  Porous  silicon  devices 
which  were  used  in  OPSFET’s  were  chosen  from  those 
wafers  that  demonstrated  high  emission  current  densities 


Fig.4  STM  image  of  40A  Au  layer  on  P+  porous  silicon, 
40mA/ cm2 


may  be  the  origin  of  held  emission  current.  Efforts  are 
being  made  to  deposit  a  gold  gate  layer  upon  the  porous 
silicon  without  plugging  pores.  Cold  gold  evaporation  and 
surface  treatment  to  reduce  the  surface  chemical  potential 
are  being  studied. 


20  nm 


Fig.5  Plan-view  TEM  image  of  P+  porous  silicon, 
40mA/cm2 


Fig.4  shows  a  STM  image  of  the  thin  gold  film  coated 
on  the  porous  silicon  which  was  anodized  with  a  current 
density  of  40  mA/cm2  in  30%  HF  solution.  Apparently, 
this  coated  surface  is  smoother  than  the  normal  coating 
but  still  small  (~25  nm)  gold  islands  were  formed.  The 
TEM  plan- view  image  for  the  same  kind  of  sample  shows 
that  the  average  size  of  pores  is  about  5  nm  (Fig.5).  By 
comparing  the  STM  image  with  the  TEM  image  it  can  be 
seen  that  the  gold  islands  cover  some  pores  and  the  thin 
film  is  not  completely  continuous.  It  is  speculated  that 
non-uniform  deposition  may  have  been  caused  by  an  in¬ 
crease  in  the  surface  chemical  potential  during  the  electro¬ 
chemical  anodization  process.  Further  study  is  necessary 
to  improve  gold  deposition  on  porous  silicon  and  thereby 
to  enhance  the  efficiency  of  field  emission  into  vacuum. 

IV.  CONCLUSION 

P+  (100)  porous  silicon  shows  high  field  emission 
properties  when  produced  with  an  anodization  current 
from  40  mA/cm2  to  70  mA/cm2.  The  densities  of  pores 
are  2-5xlOu/cm2,  pore  sizes  are  3-10  nm,  the  pore 
walls  are  5-12  nm  in  those  porous  silicon  samples.  Pore 
structures  exposed  with  XTEM  appear  as  small  channels 
with  numerous  “budding”  side  branches.  Those  fractal 
branches  form  tiny  sharp  tips  with  nanometer  sizes,  which 
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Abstract 

Bead-on-string  perturbation  techniques  have 
been  primarily  used  to  study  particle  accelerator 
cavities.  These  techniques  are  now  extended  to 
measure  the  dispersion  relation  and  axial  modes  of 
several  transverse  magnetic  (TM)  modes  in  a  slow- 
wave  structure  with  sinusoidally  varying  radius.  This 
type  of  slow-wave  structure  is  commonly  used  in  high 
power  backward  wave  oscillators  (BWO).  The 
dispersion  relation  is  found  from  the  discrete 
measured  resonant  frequencies  and  wave  numbers  of  a 
cavity  containing  six  periods  of  the  slow-wave 
structure.  The  measured  axial  and  radial  field  profiles 
are  compared  with  the  results  of  a  2-D  code  specially 
developed  for  calculation  of  the  fields  in  these 
generators.  For  the  first  three  TM  modes  the 
frequency  error  was  less  than  0.7%. 

I.  INTRODUCTION 

We  present  a  study  of  a  slow-wave  structure 
which  consists  of  a  cylindrical  waveguide  with 
sinusoidally  varying  radius.  A  similar  version  of  this 
structure  was  used  in  numerous  X-band  relativistic 
high-power  backward  wave  oscillator  experiments 
[1,2],  however,  until  now  there  has  not  been  a 
systematic  analysis  of  its  electromagnetic  properties. 
The  purpose  of  this  study  is  twofold,  first  to 
experimentally  determine  the  dispersion  relation  of 
the  structure  and  second  to  test  our  numerical  model 
of  the  fields  inside  the  structure. 

Dispersion  Relation 

A  slow  wave  structure  containing  N  periods 
will  exhibit  N+l  resonant  frequencies  associated  with 
each  transverse  magnetic  mode  when  shorted  at  planes 
of  mirror  symmetry.  Discrete  points  on  each  branch 
of  the  dispersion  relation  are  found  by  recording 
resonant  frequencies  fr  and  associated  axial  wave 
numbers  Pr  for  the  set  of  axial  modes  associated  with 
each  transverse  magnetic  mode.  Figure  1  shows  the 
seven  TMoi  resonance  peaks  and  derived  dispersion 
relation  for  a  six  period  slow  wave  cavity.  The 


resonant  frequencies  are  easily  measured  with  a 
microwave  network  analyzer,  but  to  find  pr  we  must 
measure  the  axial  field  structure  in  the  cavity.  This  is 
done  by  perturbing  the  field  near  the  axis  of  the 
cavity  with  a  small  metal  bead.  The  resulting  shift  in 
resonant  frequency  is  related  to  the  E  and  H  fields  at 
the  position  of  the  bead.  The  number  of  axial 
variations  in  the  field  nr  can  be  found  by  counting 
number  of  peaks  in  a  plot  of  Af  vs.  axial  bead 
position.  For  a  structure  with  N  periods  of  length  L 
this  condition  for  resonance  can  be  stated  as 

NL  =  (nrn)  (2n/p) 

where  nr  is  the  number  of  half  wavelengths  along  the 
axis  of  the  structure.  The  axial  wave  number  flr  is  then 
found  from  nr  using  the  above  equation.  The 
complete  dispersion  relation  can  easily  be  constructed 
from  these  points.  For  convenience,  the  dispersion 
relation  was  measured  on  a  "cold-test"  structure  built 
just  for  this  purpose.  This  test  structure  had  special 
end  plates  with  access  holes  for  positioning  a  bead; 
and  an  antenna  for  launching  TM  modes.  We  chose  a 
cold-test  structure  with  six  axial  periods,  giving  us 
seven  points  on  our  cop  diagram. 

— — —  Numerical 


Reflection  [dB]  3  L 

Figure  1.  Left  graph  shows  resonances  as  seen 
from  a  one-port  measurement  on  a  network 
analyzer.  Right  graph  shows  derived  dispersion 
relation. 
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Experimental  Verification  of  Numerical  Model 

Using  the  dispersion  relation  we  can  find  the 
relation  of  beam  energy  and  interaction  frequency. 
However,  to  understand  the  more  complex  behavior  of 
an  intense  beam  in  a  slow  wave  structure  we  must  use 
nonlinear  particle  codes.  These  codes  require  an 
accurate  model  of  the  fields  in  the  structure.  We  use  a 
model  developed  by  Ogura  [3]  in  which  the  fields  are 
expanded  in  a  spatially  harmonic  series,  according  to 
Floquet's  theorem.  Solving  the  dispersion  relation  for 
the  sinusoidal  boundary  of  the  slow  wave  structure 
gives  us  the  expansion  coefficients.  For 
computational  reasons  we  truncate  our  expansions  at 
nine  terms. 

Due  to  the  complexity  of  this  model  it  is 
important  to  experimentally  verify  the  fields  at  various 
points  in  the  cavity.  Although  we  cannot  directly 
measure  the  fields  inside  the  cavity,  we  can  test  the 
numerical  model  by  inserting  the  same  perturbing 
object  in  the  numerical  model  and  in  die  experiment 
As  a  perturbing  object  we  introduce  a  small 
conducting  bead  into  the  cavity.  In  the  experiment, 
this  bead  is  suspended  by  a  small  string,  and  the 
resulting  frequency  shift  is  measured  with  a  network 
analyzer.  In  the  numerical  model  we  use  perturbation 
theory  to  calculate  the  effect  the  bead  has  on  the 
resonant  frequency.  For  a  small  spherical  bead, 
where  the  field  is  almost  constant  over  AV,  integration 
is  unnecessary  and  the  frequency  perturbation  is  given 
by 

^  «  (2lt/3)  -Eh 

where  Eo  and  Ho  are  the  field  amplitudes  normalized 
to  the  total  field  energy  in  the  cavity.  By  comparing 
the  measured  and  calculated  frequency  shift  we  can 
judge  how  well  the  numerical  model  agrees  with 
experiment. 

Since  the  only  field  component  on  axis  is  Ez, 
the  simplest  test  would  be  to  perturb  the  field  on  the 
cavity  axis.  But,  because  of  the  difficulty  in  having 
both  die  bead  and  the  antenna  on  axis,  the  bead  was 
kept  0.543  cm  away  from  the  axis.  At  this  radius  it 
was  still  possible  to  find  kz  for  the  TMoi  modes  by 
counting  peaks  in  the  frequency  shift 


II.  EXPERIMENTAL  ARRANGEMENT 

Three  components  were  required  to  measure 
the  cavity  properties:  the  mode  launcher,  the  network 
analyzer  and  the  perturbing  object.  Figure  2  presents 
a  schematic  diagram  of  the  measurement  apparatus. 
The  dimensions  of  the  system  appear  in  Table  I.  The 
launcher  was  a  simple  axial  wire  which  could  be 
moved  in  and  out  of  the  cavity  to  adjust  the  coupling. 
Before  making  measurements  the  reflection  from  the 
antenna  was  stored  in  memory  and  subtracted  from 
subsequent  measurements.  This  procedure  made  the 
resonances  easier  to  identify. 


Figure  2.  Schematic  diagram  of  measurement 
apparatus 


Table  I  Dimensions  of  slow  wave  structure. 

Structure  Period  1.667  cm 

Total  Length  10  cm  (6  periods) 

Radius[cm]  1.5  +  .41  Sin(3.7z) 

Bead  diameter  0.239  cm 

string  at  radius  0.543  cm 

The  perturbing  object  used  for  the  majority  of 
this  work  was  an  0.239  cm  OD  spherical  aluminum 
bead.  The  bead  was  suspended  by  a  0.010  cm  OD 
nylon  thread  which  was  connected  to  the  bead 
through  a  0.033  cm  ID  hole  on  the  bead's  axis.  Four 
sets  of  access  holes  were  drilled  in  the  cavity  for  the 
nylon  thread.  One  parallel  to  the  axis  of  the  cavity,  at 
a  radius  of  0.543  cm  and  three  in  the  radial  direction 
at  axial  positions  corresponding  to  the  maximum, 
average  and  minimum  radii.  The  bead  was  positioned 
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in  the  cavity  by  connecting  one  end  of  the  thread  to  a 
dial  caliper.  The  other  end  of  the  thread  was  heal 
taught  by  a  small  weight  The  effect  of  the  nylon 
string  on  the  resonant  frequency  was  less  than 
500  KHz  in  ail  cases. 

ffl.  RESULTS 


Dispersion  Relation 

The  dispersion  relation  results  appear  both  as 
tables  and  plots  of  fr  and  fir-  All  measurements  are 
compared  with  numerical  calculation.  The  dispersion 
measurements  agree  very  well  with  the  boundary 
specific  calculation  of  Ogura  and  the  general 
boundary  calculation  using  the  code  Superfish  [4]. 
The  experimental  data  for  the  TMoi  mode  were  on 
average,  0.17%  higher  than  Ogura's  results  and  0.03% 
lower  than  Superfish,  and  for  the  TM()2  mode  the 
experimental  data  were  0.05%  lower  than  Ogura's 
results.  Superfish  data  was  not  available  for  the  TM02 
modes. 


Graphical  comparison  of  the  experimental 
results  with  Superfish  were  presented  in  Figure  1. 
This  figure  shows  the  dispersion  curve  and  reflection 
data  with  a  common  frequency  axis.  The  Superfish 
results,  which  were  calculated  as  7  points  are  presented 
as  a  smooth  curve  to  show  the  form  of  the  curve  and 
aid  in  comparing  with  experiment.  In  the  TM02  case 
we  woe  not  able  to  experimentally  excite  the  n-mode, 
although  Ogura's  code  did  find  this  resonance. 

Field  Calculation 

Calculations  were  made  for  each  of  seven  axial 
modes  on  three  TM  modes.  For  each  of  these  field 
structures  we  calculated  the  frequency  perturbation 
along  the  axis  and  along  a  radius.  We  present  the 
results  of  the  cavity  field  calculation  in  several  forms 
for  the  TMoi  2ji/3  mode.  To  help  visualize  the  field 
structures  we  present  plots  of  the  field  lines  (Fig .  3a) 
along  with  the  axial  (Fig  3b)  and  radial  (Fig  3c) 
frequency  perturbation  plots.  The  perturbation  plots 
are  only  used  to  compare  the  numerical  and 
experimental  results.  In  these  plots  the  magnitude  of 
the  frequency  perturbation  should  not  be  mistaken  to 
be  proportional  to  the  magnitude  of  the  field  squared. 
This  is  only  true  when  either  the  E  or  H  field 
dominates,  i.e.  on  the  axis  of  the  structure  where 
H  *  0. 


Rjtdiil  Petition  (cm) 


Figure  3.  Results  for  the  TMoi  2x/3  mode, 
(a)  Field  lines  produced  by  numerical  model 
(Ogura),  (b)  comparison  of  measured  and 
calculated  field  perturbations  for  axial  bead 
traverse  and  (c)  radial  bead  traverse. 
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ABSTRACT 

Experimental  results  on  the  sloe  cyclotron  and  space 
charge  (plasoa)  eaves  excitation  in  intense  relativistic 
electron  beaus  (  IREB  )  are  presented.  Large  aeplitude  (10- 
90  HV/e)  and  los  phase  velocity  (in  order  of  0.01  c)  eaves 
have  been  obtained.  Collective  ion  acceleration  results, 
which  were  recievcd  by  using  eicrosecond  pulse  duration 
electron  beass  are  reported.  A  concept  of  a  fee  stage 
collective  accelerator  eith  an  energy  and  particle  type 
control  is  also  considered. 

I.  UmtOMJCTIOH 

The  RF  linacs  are  the  eost  preferable  accelerators  for 
producing  ions  in  the  energy  range  of  tens  and  hundreds 
HeV.  However,  there  are  two  essential  deeerits  which  have 
to  be  taken  into  account  when  constructing  and  exploiting 
linacs,  naaely,  the  high  cost  of  the  RF  supply  systee  and 
the  difficulty  to  control  an  energy  and  type  of  the  acce¬ 
lerated  ions  in  the  wide  range. 

The  collective  nethods  of  ion  acceleration  based  on 
the  utilization  of  intense  relativistic  electron  beaes  nay 
result  in  developaent  of  a  new  generation  of  ion  linacs 
(so-called  'collective  linacs').  It  is  the  eost  natural  nay 
to  develop  such  collective  linacs  which  are  sieilar  to  the 
conventional  RF  linacs,  but  provide  direct  transferring 
a  part  of  the  IRQ  energy  to  the  accelerated  ions  without 
using  an  expensive  RF  supply  systen.  These  linacs  nay  be 
based  on  utilization  of  the  slow  cyclotron  and  plasea  waves 
excited  in  the  IREB.  As  it  was  shown  in  the  earfy  works 
111,(21  the  electric  fields  of  the  cyclotron  and  plasea 
waves  are  «uch  larger  than  those  in  the  conventional  ion 
linacs.  Moreover,  intense  ion  beans  with  currents  of  1-10  A 
say  be  accelerated  by  the  cyclotron  and  plasna  waves.  But 
the  tost  attractive  feature  of  these  waves  is  that  their 
phase  velocities  nay  be  controlled  by  a  longitudinal  eag- 
netic  field.  The  last  peculiarity  eay  be  used  for  control¬ 
ling  an  energy  and  a  particle  type  in  the  wide  range. 

II.  CYCLOTRON  HAVE  EXCITATION  AND 
COLLECTIVE  10N  ACCELERATION 

The  slow  cyclotron  waves  in  the  electron  beans  of 
a  snail  power  131  or  a  high  power,  but  a  short  pulse  length 
[A]  had  been  produced  in  early  experiaents  by  using  of  the 
radio-freguency  supply  froa  the  external  powerful  generator 
and  the  helical  guide,  as  an  amplifier  structure.  In  our 


experiaents  the  intense  relativistic  electron  beae  propa¬ 
gates  down  a  cylindrical  copper  passive  cavity  of  H-type. 
The  scheee  of  the  experioental  set  up  is  shown  in  Fig.l. 


Fig.l.  Experimental  set  up  scheee:  1-cathode,  2-anode, 

3  -  vacuua  charter,  4  -  sagnetic  coils  of  solenoid, 

5  -  diaphragm,  6  -  cavity,  7  -  collective  acceleration 
channel,  8  -  eagnetic  loops,  9  -  IREB  collector. 

The  H-cavity  length  is  0.34  n.  The  cavity  involves  13  drift 
tubes,  which  have  4  cn  in  aperture  and  are  installed  with 
period  of  2  cn.  The  electron  beae  propagation  excites  the 
large  aeplitude  self-sustained  RF  oscillations  in  the  cavi¬ 
ty.  The  interaction  between  electrons  and  cavity  fields  re¬ 
sults  in  the  constrained  generation  of  a  slow  cyclotron 
wave.  It  is  found  that  the  bean  wave  generation  is  also 
produced,  when  an  equality  between  the  structure  period  and 
the  cyclotron  wave  length  is  not  supported.  The  generation 
is  occured  in  a  wide  eagnetic  field  range  fron  0.4  T  to 
2.0  T.  The  phase  velocity  of  wave  is  varied  and  controlled 
by  value  and  distribution  of  nagnetic  field.  Mien  energy  of 
electrons  is  about  500  keV  and  bean  current  equals  approxi- 
eetly  1  kA,  it  is  excited  a  cyclotron  wave  with  aeplitude 
of  about  10  NV/n  and  frequency  of  667  KHz.  Durations  of  the 
wave  generation  and  the  cavity  oscillation  process  are 
about  0.5  -  1.0  eks  (  beae  pulse  duration  equels  10  oks  ). 
A  breakdown  of  the  generation  process  is  explained  by 
arising  of  discharge  in  the  cavity  drift  tube  gap. 

To  test  the  effect  of  the  collective  ion  acceleration 
by  the  cyclotron  wave  field  it  was  proposed  to  use  the  col¬ 
lector  plasea  as  ion  source  and  to  accelerate  the  ions 
opposite  to  the  electron  streae  (Fig.l)  151.  In  carried  out 
experieents  the  protons  were  accelerated  up  to  1.5  HeV.  The 
proton  dynaaics  calculation  showed  that  protons  were  acce¬ 
lerated  up  to  0.5  KeV  in  the  acceleration  channel  and  up  to 
1.5  HeV  in  the  cavity.  The  current  of  accelerated  protons 
was  about  1  A.  It  was  registered  that  the  ion  beae  had  a  RF 
structure  corresponded  to  the  exuted  wave  frequency. 
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III.  PIMM  NAVE  EXCITATION 

The  probleo  of  plaswa  «av«  excitation  w  solved  ia 
early  experiaents  121,(61.  The  experiaaats  of  oor  collea- 
|OK  (61  oort  conducted  oitb  using  th*  annular  IRE)  of 
energy  9M  koV,  corroot  4.S  kA  an)  polio  duration  100m. 
The  oiporiflootal  sot  ap  consisted  of  a  disk-loaded  wavt- 
yoidc  and  drift  tubM  of  various  disasters.  Plana  oam 
oorc  mi  tad  in  IREB  as  a  rosolt  of  the  i  attract  ion  between 
the  IRE)  and  the  oavtfoido.  Tit  waveguide  had  following  pa* 
roasters*  relative  phase  velocity*  0.87,  frequency  of  3  Mi 
and  shunt  iapedance  of  ahoot  20  HOho/a.  The  IREI  oh  con¬ 
fined  hy  the  lonfitodinal  oagnetic  field  of  ahoot  0.7  T. 
The  paraoeters  of  plasna  oaves  oerc  neasured  hy  oagnctic 
loops  noonted  inside  a  drift  tehe. 

The  espcrinental  results  shooed  that  the  sloe  plasna 
oaves  of  large  aaplitudes  uere  excited.  The  neasured  values 
of  phase  velocitin  oere  0.3  c,  0.27  c  and  0.16  c  <  c- 
!i«ht  velocity)  then  the  diaoeters  of  drift  tubes  equaled 
4co,  7ce,  and  Sen  correspondingly.  The  estiaates  eade  for 
these  casM  gave  the  follouing  values  of  electric  field 
aaplitudes!  4.3  HV/a,  20  KV/a  and  30  HV/».  The  lowest  phase 
velocity  oas  obtained  uhen  H/lt*  0.9,  there  Is  -  bean  cur¬ 
rent  and  It  *  space  charge  Uniting  current.  Consequent 
utilization  of  plasna  oaves  for  ion  acceleration  is  advi¬ 
sable  then  initial  energy  of  ions  is  sufficient  high  (about 
20  NeV). 

IY.  ION  ACCELERATOR  CONCEPT  NITH  AN  ENER6Y 
AM  PARTICLE  TYPE  CONTROL 

The  above  experiaental  research  has  deaonstrated  out 
capabilities  of  collective  ion  acceleration  by  neans  of  the 
intense  electron  beans.  A  rather  loo  value  of  ion  energy 
experinentally  neasured  can  be  explained  by  using  collector 
plasaa,  as  a  Ion  energy  ion  source,  and  choosing  a  snail 
value  of  the  synchrotron  acceleration  phase  to  deoonstrate 
collective  acceleration  physical  effect.  However,  accelera¬ 
tion  rate  about  10  HeV/n  can  be  taken  for  estiaates,  if 
electron  beans  with  paraaeters  described  above  is  used. 
Energy  and  current  of  ions  can  be  increased, if  the  indepen¬ 
dent  ion  injector  is  applied. 

The  phase  velocity  of  the  cyclotron  nave  aoving 
together  with  ions  is  controlled  by  the  external  oagnetic 
field  B(z): 

2x/fa*/eHz)  (1) 

e,  %  tfi  and  f  are  charge,  oass,  relative  velocity  and 
energy  of  electrons  respectively,  f  -  frequency  of  the  pro¬ 
pagating  wave.  The  capture  of  ions  with  different  aass  and 
charge  can  be  produced  by  varying  of  Bt-  (oagnetic  field  in 
capture  area). The  output  ion  energy  can  be  varied  inversely 
B*  (output  oagnetic  field).  The  passive  H-cavity  has  a  line 
spectrue  with  loner  frequency  of  239  HHz.  Cavity  frequency, 
closely  equel  to  f,  can  change  according  to  excited  node 
and  depends  on  the  electron  beae  paraaeters.  The  collective 


ieo  accelerator  concept  uith  a  velocity  and  oats  control 
has  been  developed  dee  to  above  factors. 

The  accelerator  scheee  is  the  sane,  as  experiaental 
set  19  scheee.  The  rather  wide  spectres  of  iOM,  such  as  p, 
d,  He*,  He4*,  C*  C*4,  N*,  0*can  be  used  for  acceleration. 
Relation  of  oagnetic  fields  is  defined  as 

B*  /B,»  (  1  ♦  ZeEl/Nt-  )**,  (2) 

where  Z  -  relative  ion  charge,  E  -  accelerating  electric 
field  of  wave,  1  -acceleration  section  length,  Hj-injection 
energy.  Haxiaue  value  B<  is  United  by  the  technical 
capability  (  2.3  T  for  that  experiaental  set  up  ).  Hiniaaa 
value  I,  is  deterained  by  the  electron  bean  equilibration 
(about  0.1  T).  This  oagnetic  field  range  is  quite  enough  to 
capture  and  accelerate  ierns  of  the  above  spectrua.  Using 
relation  (2)  one  can  produce  estiaates  of  the  accelerator 
paraaeters  for  two  bounder y  cases.  The  first  case  is  the 
proton  acceleration  up  to  21  HeV  (N,  *  1.0  HeV).  It  aay  be 
obtained,  if  B;*  1.0  T,  B0S  0.22  T  and  f  *  667  HHz.  In  this 
case  the  cost  'fast*  cyclotron  wave  0.046-0.21  )  is 
creating. In  the  second  case  the  acceleration  of  oxygen  ions 
with  aass-charge  ratio  of  16  is  produced  up  to  the  sane 
output  energy  and  the  slowest  cyclotron  wave  {fin*  0.000- 
0.052  )  is  used.  It  is  occured,  when  B,  *  2.0  T,  B«*  0.31  T 
and  f  -  230  HHz.  In  both  cases fif  2,  1  *  2a,  E  «  10  HV/e. 
In  order  to  control  the  growth  rate  of  wave  and  the  output 
energy,  the  respective  axial  oagnetic  field  distribution 
oust  be  taken.  In  our  experiments  the  longitudinal  oagnetic 
field  gradient  was  exchanged  by  aeaM  of  the  solenoid  coil 
connotation  and  the  tine  displacement  of  the  electron  beaa 
pulse  relative  to  the  oagnetic  field  pulse.  This  aethod  of 
the  aagnetic  field  distribution  control  was  used  suci  ess- 
fully  by  ourself  in  the  experiaents  on  the  collective  ion 
acceleration  and  the  nicrowave  radiation  (31,(7]. 

The  output  ion  energy  can  be  increased  by  increasing  of 
wave  anplitude  and  acceleration  length.  The  ion  energy  is 
rised  until  100  HeV,  if  E  =  20  RV/a  and  1  «  5  a. 

The  acceleration  of  ions  up  to  hundreds  HeV  can  be 
realized  by  using  a  few  stage  collective  accelerator.  For 
exaople  let  us  consider  a  two-stage  accelerator  Mich  can 
be  based  on  scheae  shown  in  Fig.2.  The  first  stage  consists 
of  an  ion  injector,  a  high-intensity  electron  diode,  a  pas¬ 
sive  H-cavity  and  the  first  acceleration  section.  The  first 
stage  corresponds  to  above  considered  concept  and  can  pro¬ 
vide  the  ion  acceleration  up  to  100  HeV.  The  second  stage 
consists  of  an  electron  diode,  a  disk-loaded  guide  and  the 
second  acceleration  section.  The  ions  accelerated  in  the 
first  stage  are  injected  into  the  second  stage  through  the 
hollow  cathode  tube  of  the  second  diode.  The  second  stage 
is  based  on  using  the  plasna  waves  and  can  produce  a  high 
gradient  acceleration  because  very  high  fields  were 
obtained  in  the  above  described  experiaents  (61.  The  phase 
velocity  of  plasaa  waves  depends  on  the  relation  r/R,  where 
r  -  bean  radius  and  R  -tube  radius  of  acceleration  section. 
In  a  aagnetized  electron  bean  its  radius  r  is  definded  by 
the  aagnetic  field  value.  Therefore,  changing  a  distribu- 
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Fig. 2.  Ft*  stage  collective  accelerator  scheae:  1  -  ion  injector,  2  -  electron  diode,  3  -  H-cavity, 
4  -  first  acceleration  section,  3  -  electron  beat,  6  -  electron  beat  collector,  7  -  eagnetic  coils, 
8  -  disk-loaded  guide,  9  -  second  acceleration  section,  10  -  accelerated  ion  beat. 


tion  of  the  eagnetic  field  one  can  vary  the  phase  velocity 
along  the  acceleration  section.  This  property  provides  a 
possibility  to  accelerate  different  type  ions  and  to 
control  their  energies  without  overdesigning  the  accelera¬ 
ting  structure.  It  should  be  pointed  out  that  the  higher  is 
the  injection  energy  of  ions  the  eore  effective  is  the 
acceleration  process.  Therefore,  the  injection  energy  of 
protons  chosen  for  the  above  considered  example  is  quite 
high  (1  HeV).  In  order  to  produce  high  energy  ions,  one 
can  propose  to  use  the  resonance  accelerating  structure 
driven  by  an  electron  beae  [81.  Such  injector  needs  no  RF 
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Abstract 

Within  the  framework  of  studies  related  to  pulsed  ac¬ 
celerating  techniques,  in  particular  for  the  switched  power 
principle,  the  voltage  hold-off  for  very  short  pulses  has  been 
measured  for  different  materials.  Following  a  presentation 
of  the  subject  and  the  requirements,  a  brief  description 
of  the  experimental  set-up  is  given.  So  far  gradients  of 
900  MV/m  have  been  obtained  with  pulses  of  two  nanosec¬ 
onds  and  flat  electrodes.  The  results  are  compared  to  mea¬ 
surements  based  on  different  experimental  techniques. 


I.  INTRODUCTION 

Future  lepton  linear  colliders,  will  require  much  higher 
accelerating  gradients  than  the  ones  actually  used,  in  order 
to  obtain  a  substantial  reduction  in  length  as  compared  to 
designs  based  on  present  technologies.  At  lower  energies, 
i.e.  for  high  brilliance  guns,  higher  gradients  may  help  to 
diminish  space  charge  problems. 

For  conventional  r.f.  accelerating  structures  the  ten¬ 
dency  goes  to  shorter  wavelengths,  which  are  more 
favourable  for  voltage  hold-off.  Different  schemes  have 
been  proposed  to  achieve  the  high  gradients.  The  switched 
power  principle  [1]  suggests  using  very  short  pulses  to  ex¬ 
cite  a  passive  transformer  network  for  producing  pulses  of 
1  MV  during  10  ps  into  1  mm  wide  accelerating  gaps.  The 
realization  presents  a  series  of  challenges  and  we  have  so  far 
investigated  the  generation  of  short  pulses  and  the  related 
voltage  hold-off  problems. 

II.  GENERAL  CONSIDERATIONS 

A.  Short  pulse  generation 

The  idea  is  to  excite  a  radial  transmission  line  by  dis¬ 
charging  a  photocathode  with  a  fast  laser  and  to  amplify 
the  resulting  pulse  by  adiabatic  impedance  transformation, 
rather  than  switching  the  high  voltage  directly  into  the  ac¬ 
celerating  structure. 


According  to  a  study  of  the  transformer  effect  with  a 
scale  model,  a  gain  in  voltage  by  a  factor  of  20  seems  quite 
feasible  [2].  By  switching  pulses  of  50  kV  amplitude  into 
the  structure  one  will  get  1  MV  at  the  output.  We  have 
not  yet  got  the  expertise  for  the  very  fast  laser  switching, 
but  in  the  case  of  very  high  current  discharges  there  may 
be  further  restrictions  for  the  gain  due  to  saturation  effects 
and  the  intrinsic  impedance  of  the  switch  itself. 


B.  Voltage  hold-off 

The  highest  surface  fields  will  have  to  be  held  for  only 
10  ps  in  the  center  of  the  transformer  structure.  Another 
critical  place  is  the  input  to  the  structure,  where  the  switch 
voltage  must  be  held  prior  to  the  laser  discharge,  but  pos¬ 
sibly  only  for  a  few  nanoseconds. 

Any  investigation  into  the  voltage  hold-off  problems  for 
the  very  fast  pulses  in  the  center  requires  a  transformer 
network  operating  with  the  fast  laser  switch.  We  therefore 
prefered  to  study  first  the  breakdown  problems  with  more 
conventional  instrumentation  in  the  nanosecond  domain. 
This  will  correspond  to  the  charge  of  the  laser  switch  and 
probably  allow  for  extrapolation  to  shorter  pulse  lengths. 


C.  Experimental  approach 

The  few  experimented  results  available  so  far  on  break¬ 
down  limits  for  nanosecond  pulses  suggest  that  gradients 
of  the  order  of  500  MV/m  should  be  possible  [3],  depend¬ 
ing  on  the  cathode  material.  Most  of  the  experiments 
have  been  done  with  pointed  needle  electrodes  in  order  to 
achieve  the  required  high  fields  and  by  measuring  the  de¬ 
lay  to  breakdown  when  submitted  to  sufficiently  long  high 
voltage  pulses.  The  interpretation  of  these  results  has  to 
account  for  changes  in  the  effective  cathode  radius  due  to 
thermal  effects  during  the  discharge.  Further  the  small 
needle  points  are  not  really  representative  for  the  required 
large  area  switching  of  the  switched  power  principle. 

We  therefore  intended  to  examine  large  flat  electrodes, 
at  the  expense  of  having  to  deal  with  very  small  gaps  to 
obtain  the  high  gradients.  Well  defined  short  pulses  are 
used  in  order  to  avoid  excessive  surface  damage. 
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III.  BREAKDOWN  MEASUREMENTS 


A.  Experimental  set-up. 

We  uae  a  coaxial  transmission  line,  about  one  meter  long 
and  110  mm  in  diameter,  with  the  outer  conductor  serving 
as  the  vacuum  vessel.  The  line  is  closed  by  two  impedance- 
matched  glass  windows.  The  operational  pumping  is  done 
with  an  ion  pump.  The  experimental  spark  gap  is  inserted 
in  the  middle  of  the  line  and  connects  via  r.f.  spring  con¬ 
tacts  to  the  inner  and  outer  conductor. 

Openings  for  pumping  ports,  gauges,  broadband  voltage 
probes  and  observation  windows  are  matched  in  impedance 
to  give  less  than  2  %  perturbation  at  1  GHz.  Only  the  test 
gap  causes  6-7  %  reflections  because  of  its  relatively  high 
capacitance.  We  have  further  tried  to  keep  all  possible 
mismatches  sufficiently  far  away  from  the  test  electrodes, 
in  order  to  avoid  perturbations  disturbing  the  breakdown 
signal. 

A  coaxial  generator  of  the  Blumlein  type,  loaded  by  a 
capacitor  bank  discharge,  delivers  12  kV  pulses  into  the 
coaxial  structure.  The  rise  and  fall  times  are  200  ps  and 
the  half-height  pulse  width  is  2.2  ns. 

B.  The  spark  gap 

The  test  gap  forms  a  compact  preassembled  block,  con¬ 
sisting  of  the  interchangable  flat  cathode  and  the  isolated 
anode. 


signal  ^ 


The  latter  is  surrounded  by  a  guard  electrode  to  ensure 
a  homogeneous  field  in  the  test  gap.  The  surface  exposed 
to  the  high  voltage  has  an  area  of  0.5  cm 2  and  the  gaps 
can  be  adjusted  to  distances  as  small  as  10  /im.  The  signal 
from  the  anode  is  output  via  a  coaxial  UHV  feedthrough. 

C.  Signal  observation 

The  detection  of  breakdowns  is  done  by  observing  the 
current  collected  by  the  anode  with  a  fast  oscilloscope. 
Due  to  the  large  area  of  the  test  gap  there  is  unfortunately 
already  a  strong  capacitive  coupling  of  the  high  voltage 
pulse  to  the  anode,  even  when  there  is  no  breakdown. 

In  the  beginning  this  has  raised  some  problems  to  dis¬ 
tinguish  the  real  breakdowns  from  the  signal  pick-up.  A 
differential  method  using  a  second  probe  with  a  similar 
time  constant  as  the  anode  proved  to  be  useful  to  elimi¬ 
nate  the  residual  signal.  In  the  meantime  we  have  found 
out  how  to  distinguish  the  signature  of  breakdowns  from 
the  combined  signal. 

IV.  EXPERIMENTAL  RESULTS 

The  measurements  for  a  wide  range  of  cathode  materials 
are  summarized  in  Fig.2  and  compared  to  the  results  from 
Mesyats  and  Rohrbach  [4]  to  give  a  consistent  picture  for 
pulses  ranging  from  nanoseconds  to  microseconds. 


Fig.  1  Schematic  cross  section  of  the  test  gap 
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Fig.  2  Results  of  measurements 


The  values  indicated  correspond  to  the  threshold  for  gra¬ 
dients  hold  with  no  breakdown  after  the  initial  condition¬ 
ing  of  the  electrodes. 

Most  of  the  measurements  have  been  done  with  10  f» n 
gaps,  but  despite  the  tricky  a4justment  the  results  are  well 
reproducible.  For  materials  with  lower  breakdown  limits 
we  could  also  prove  the  surface  gradients  to  be  constant 
for  gaps  as  large  as  50  /im. 

Our  breakdown  fields  are  generally  slightly  higher  than 
the  results  obtained  by  Mesyats,  except  those  for  copper 
cathodes.  But  both  sets  of  results  are  in  reasonable  agree¬ 
ment,  if  one  takes  into  account  the  different  measurement 
methods.  There  may  also  be  a  difference  in  the  composi¬ 
tion  of  materials.  For  example,  we  used  electrodes  made 
from  aluminium  and  titanium  alloys  instead  of  pure  met¬ 
als.  Probably  we  also  had  better  vacuum  conditions  (10~7 
mbar).  Other  explanations  for  the  difference  are  under 
consideration,  like  the  influence  of  surface  or  thermal  treat¬ 
ments  of  cathodes  prior  to  testing,  or  the  possible  impact 
of  the  anode  material  on  the  cathode  initiated  breakdown. 

An  analysis  of  the  electrode  surfaces  by  secondary  elec¬ 
tron  microscopy  has  shown  that  the  breakdowns  during 
conditioning  are  equally  spread  over  a  large  area  of  the  gap, 
proving  the  relative  flatness  of  the  electrodes.  Breakdown 
currents  may  amount  to  several  hundred  amperes  and  can 
produce  craters  of  the  order  of  5  to  20  pm  in  diameter  and 
a  few  pm  deep.  Although  the  surfaces  submitted  to  break¬ 
downs  look  quite  uneven  at  the  microscopic  level,  there  is 
no  obvious  reduction  in  the  voltage  hold-off. 

In  addition,  we  have  observed  a  material  transfer  be¬ 
tween  the  anode  and  cathode,  which  is  not  yet  completely 
understood.  In  a  few  cases  local  fusion  has  led  to  short 
circuits  between  the  electrodes.  This  was  generally  found 
to  be  due  to  accidental  discharges  of  the  capacitor  bank 
directly  into  the  test  gap,  caused  by  internal  sparking  in 
the  Blumlein  generator. 

V.  CONCLUSIONS 

The  present  results  confirm  that  the  high  gradients  re¬ 
quired  for  the  switched  power  principle  can  be  held.  But  at 
present  the  complexity  and  the  low  quantum  efficiency  of 
the  laser  switching  prevent  the  application  of  the  switched 
power  principle  on  a  large  scale. 

We  can  further  conclude  that  these  high  fields  can  for 
some  metals  already  be  achieved  with  nanosecond  pulses. 
This  opens  the  opportunity  for  a  pulsed  device  using 
’’slow”  switching,  possibly  without  using  expensive  fast 
laser  technology. 

But  the  longer  pulses  also  have  their  disadvantages,  be¬ 


cause  of  the  increased  stored  energy  in  the  pulse  forming 
networks  and  the  physical  size  of  the  impedance  trans¬ 
former,  as  the  dimension  of  the  latter  is  proportional  to 
the  pulse  length. 

Therefore,  both  the  fast  and  the  slow  version  of  the 
switched  power  concept  are  for  the  time  being  mainly 
of  interest  for  the  design  of  a  single  or  few  stage  device, 
like  a  high  brillance  electron  gun.  This  assumes  that  the 
stringent  laser  requirements  or  the  bigger  size  of  the  slow 
transformer  can  be  outweighed  by  a  significant  reduction 
of  space  charge  effects  during  extraction. 
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Abstract 

We  discuss  a  second  entry  port  for  tbe  Accelerator 
Test  Facility  (ATP)  injection  lystem  at  Brookhaven  Na¬ 
tional  Laboratory,  which  consists  of  a  photocathode  rf 
gaa  and  a  straight  -  ahead  beamfine  directly  into  the  50 
MeV  bnac.  The  proposed  second  entry  port  should  im¬ 
prove  the  beam  quality  and  lower  the  emittance  needed  for 
PEL  (Free  Election  Laser),  and  laser  -  acceleration  exper¬ 
iments.  A  discussion  on  the  laser  driven  high  brightness 
photoelectrons  through  the  primary  entry  port  (a  low  en¬ 
ergy  180  degrees  achromatic  doable  bend  transport  line) 
now  in  operation,  and  n  beam  analysis  for  the  proposed 
secondary  port  is  also  given. 

L  INTRODUCTION 

The  high  brightness  laser  driven  photoelectron  beams 
(with  low  emittance  and  high  current)  are  required  for 
new  methods  of  srcekratioa  such  as  PEL,  IPEL  (an  in¬ 
verse  free-electron  laser)  and  future  development  of  linear 
colliders.  Tb  achieve  high  brightness  and  rapid  accelera¬ 
tion,  an  if  gun  operating  at  3.858  GHs,  with  1-1/3  cells, 
t-  mode  resonant,  disc-loaded  struct  are  (with  cathode 
placed  at  the  start  of  the  first  1/3  cell),  has  been  de¬ 
signed  and  operating  as  the  injector  for  the  two  5-band 
liaac  sections  at  the  BNL  Accelerator  Test  Facility  (ATP). 
The  cathode  is  dhumnated  with  a  frequency  quadrupled 
Nd:YAG  laser  with  photon  energy  of  4.65  MeV  at  the  gun 
exit. 

The  Accelerator  Test  FhcQity  at  BNL  is  an  experi¬ 
mental  Facility  for  accelerator  and  beam  physics  experi¬ 
ments.  A  major  research  interest  is  in  the  interaction  of 
laser  driven  photoelectrons  with  the  electromagnetic  Adds. 
ATF's  present  injection  system  consist  of  a  photoelectron 
gun  and  a  low  energy  transport  beamline  which  consists 
of  two  sets  of  quadrupole  triplets  and  a  180°  achromatic 
double  bend,  (Fig.  1).  The  photoeketrons  are  ejected 
from  a  photocathode  rf  gun  into  the  transport  beam  line 
and  then  accelerated  through  2  S  -  band  bnac  sections 
to  50  MeV  [1,2].  The  bnac  consists  of  two  x/3  -  mode, 
3.05  m  long,  disc  loaded,  travelling  wave  SLAC  linear  ac¬ 
celerator  sections  that  was  produced  at  IHEP,  Bering, 
China.  The  gun  and  the  bnac  are  driven  by  the  same  XK5 
klystron,  delivering  about  35  MW  of  peak  power  with  a 
3.5  micro-second  puke  at  2.856  GHs  [2]. 

With  the  existing  injection  system,  the  beam  diverges 
quickly  at  the  gun  exit  and  gets  large  in  going  through  the 
double  bend  transport  line  into  the  bnac  [3,4].  We  have 
considered  and  studied  various  schemes  [6]  and  will  present 
some  results  for  the  proposed  ATF  alternate  injection 


transport  beamline  from  the  gun  to  the  bnac  entrance 
showing  the  positions  of  the  magnetic  dements. 

system  in  section  II.  A  summary  and  references  are  given 
in  section  III. 

n.  ALTERNATE  INJECTION  SYSTEM 

We  have  considered  various  schemes  to  improve  the 
beam  quality  and  preserve  the  low  emittance  and  high 
brightness  beam  needed  for  experiments  at  ATF  [6].  In 
this  section  we  present  some  of  our  calculations  and 
simulation  results  obtained  for  a  2nd  entry  port  for  ATF. 
The  alternate  (straight-ahead)  injection  system  consists  of 
a  solenoid  +  a  gun  +  solenoid  combination  that  is  placed 
directly  into  the  bnac. 


nr  on 


Figure  2:  Sketch  of  the  alternate  injection  system  for 
ATF.  A  solenoid  +  gun  +  solenoid  (gun+s)  combination 
is  placed  in  line  with  the  bnac.  (Not  scaled). 
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Figure  3a:  Shows  the  beam  profile  at  x  —  7.9cm  (exit 
of  the  gun  cavity).  From  the  top  in  c.w.direction:  phase 
spectrum,  x  vs  change  in  phase,  y  vs  x  profile  and  change 
in  energy  vs  change  in  phase  with  program  PARMELA. 


Figure  3b:  Shows  the  beam  profile  at  x  =  702.3cm  (the 
hnac  exit).  From  the  top  in  c.w.direction:  phase  spectrum, 
x  vs  change  in  phase,  y  vs  x  profile  and  change  in  energy 
vs  change  in  phase  with  program  PARMELA. 
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HI.  BEAM  DYNAMICS  AND  ANALYSIS 

In  our  analysis  of  the  beam  from  cathode  through 
the  bane  exit  we  have  considered  various  initial  charge 
distributions,  laser  spot  sises  (oy),  laser  pulse  lengths 
(2*,),  field  on  the  cathode  E  and  accelerating  field  of 
the  hnac,  etc. [8].  Table  1  illustrates  some  of  our  results 
obtained  with  the  initial  parameters  of  interest  for  ATF 
and  the  proposed  UVFEL  project  at  BNL.  For  example 
with  initial  E  —  lOOAfV/m  on  the  cathode,  laser  pulse 
length  (2w,)  of  10  ps,  and  varied  spot  sises  (e.g.  0.9 

mm),  and  various  values  of  d  (e.g.  62  cm,  the  distance 
from  cathode  to  hnac  entrance),  solenoid  strength  of  2.2 
KG  and  initial  phase  of  43  degrees  we  can  preserve  the 
beam  quality  and  achieve  high  brightness,  low  emittance 
beam  at  the  hnac  exit,  which  is  needed  for  the  FEL 
and  laser  acceleration  experiments  at  ATF.  With  program 
PARMELA  [5]  With  crT  =  1mm  and  0.9  mm  (uniform 
beam  distribution)  we  obtained  beam  emittance  of  few 
tenths  of  em-mrad  with  energies  of  about  46MeV  and 
brightness  ( B  —  P,mi/m*e*)  of  orders  of  1013  for  the 
beam  emerging  from  the  exit  of  the  hnac,  (Fig. 4).  We 
have  used  10  ps  pulse  length  in  our  analysis  since  v,  =  5 
ps  is  the  value  noted  obtainable  at  ATF  [1]. 

For  Bo  ss  2.14KG,  <r,  =  5  ps,  <rr  =  1  mm,  Q  —  InC 
and  an  initial  uniform  distribution,  the  beam  energy 
and  emittance  at  the  hnac  exit  become  w  =  46  MeV, 
tN,rmi  —  and  e$r,pm*  =  .276.  Whereas  for  the  same 
set  of  parameters  and  an  initial  gaussian  distribution  the 
beam  emittance  grows  larger,  e.g.  at  the  linac  exit.  How 
easy  is  the  production  of  the  uniform  distribution  (flat 
beam)  depends  on  the  quality  and  bandwidth  of  the  laser 
[1].  For  detailed  beam  analysis  with  Gaussian  and  Rician 
distributions  see  e.g.  [1,6]. 


This  scheme  would  allow  the  production  of  the  low 
emittance  and  high  brightness  beam  needed  for  the  exper¬ 
iments  and  preserves  the  present  injection  system  which 
can  be  used  alternatively  for  diagnostic  measurements  etc. 
Where  the  beam  is  injected  from  a  2nd  entry  port  (using 
a  2nd  gun)  directly  into  the  linac  without  going  through 
the  bending  magnets. 

Selections  of  d  the  distance  from  the  gun  (cathode) 
to  the  linac  entrance  and  solenoid  strength  are  important 
and  would  effect  beam  quality  (see  Section  III).  For  other 
infection  schemes  and  a  more  detailed  analysis  see  refer¬ 
ences.  In  this  analysis  the  fields  off  axis  for  solenoids 
are  calculated  to  sixth  order  using  the  expansions: 

r2#B 

B,  (s,  r)  =  Bx  (x,  0)  —  — 

r*  (#B  t2  d?B  r1  \ 

+  4  \dx*  16  dz6  576  J  * 


Fig.  4  shows  the  change  in  the  beam  sise  along  the 
beamline  from  cathode  through  the  hnac.  As  can  be 
seen  the  beam  converges  to  a  waist  in  the  hnac.  Where 
the  change  in  the  solenoid  strength  or  d  would  shift 
the  position  of  the  beam  waist  in  the  hnac  and  would 
change  the  beam  parameters.  For  example  a  2%  in¬ 
crease  in  the  solenoid  strength  will  increase  the  emittance 
from  (e*',m<  =  .278,  e£r’rnM  =  .243)  to  (<"’rm*  =  .390, 
eN,rm»  _  333)  a|  the  hnac  exit,  keeping  all  other  param¬ 
eters  fixed  [1]. 

For  the  proposed  alternate  injection  system  for  ATF, 
a  pair  of  solenoids  are  placed  before  and  after  the  gun  to 
compensate  the  beam  emittance  dilution  due  to  the  space 
charge,  such  that  the  coil  proceeding  the  cathode  bucks 
the  field  due  to  the  second  solenoid  and  produces  a  sero 
field  on  the  cathode.  To  avoid  beam  loss  through  the  linac 
a  proper  matching  of  the  beam  into  the  linac  is  crucial. 
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Figure  4t  Show*  the  change  in  poeition  z  [cm],  phase 
4>  -  do  [degree]  and  energy  w  -  ws  [KeV]  of  particles  at 
each  element  location,  from  the  cathode  through  the  Hnac 
exit.  With  2.2  KG  solenoid,  d  =  70cm,  <rT  =  .0mm  and 
<r,  =  bps. 

TV.  SUMMARY 

We  presented  an  alternate  iiyection  system  for  the 
ATF  at  Brookhaven  National  Lab,  using  a  pair  of  solenoids 
and  an  rf  gun  placed  directly  into  the  Unite.  Barber  results 
showed  that  with  the  present  injection  system  at  ATF  the 
beam  become  too  large  through  the  double  bead  transport 
fine,  leading  to  a  large  emittaace  growth  and  a  large  beam 
loss.  With  salenosd+gun+soleaoid  straight  injection  into 
the  Hnac  scheme  we  can  reduce  the  emittaace  dilution 
due  to  space  charge  forces,  and  produce  the  beam  needed 
for  PEL,  IFEL  ami  other  laser  acceleration  experiments. 
We  obtained  small  emittance  (few  tenths  of  cm-mrad) 
and  high  brightness  of  orders  of  1013.  We  note  that  a 
proper  beam  matching  at  the  Hnac  entrance  is  crucial  so 
as  to  avoid  beam  loss  through  the  Hnac.  The  effects  of 
variations  in  the  solenoid  strengths  and  d  the  distance 
Cram  the  cathode  to  the  Hnac  entrance  can  be  detrimental 
to  the  beam  quality  along  the  transport  line  and  through 
the  Hnac.  The  beam  converges  into  a  waist  after  it 
enters  into  the  Hnac.  The  position  of  this  waist  changes 
with  the  change  in  initial  parameters  such  as  the  solenoid 
strength  and  the  distance  between  the  cathode  and  the 
Hnac  entrance.  To  avoid  beam  loss  or  emittance  dilution, 
there  must  be  a  careful  control  of  the  parameters  such  as 
the  length  and  strength  of  the  solenoids,  laser  spot  si se 
and  pulse  length,  distance  between  the  cathode  and  linac 
entrance,  the  accelerator  phase  and  accelerator  field.  In 
this  analysis  the  fields  off  axis  for  solenoids  were  calculated 
to  6th  order. 
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Table  It  ATF  Solenoid+Gun+Solenoid+ Linac  system  - 
simulation  parameters. 


Number  of  Solenoids 

2 

Length  of  Solenoid  [cm] 

15 

Radius  of  Solenoid  [cm] 

6 

Bo  Solenoid  [KG] 

2.2 

Initial  phase  [degree] 

43-45 

Laser  spot  sise  «r,  [mm] 

.9,  1  .... 

Laser  Pulse  Length  (2ws)  [ps] 

10 

RF  Frequency  [GHs] 
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1 
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7.0 
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dp/p  [%] 
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eN  [t  cm-mrad] 
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Abstract 

Tim  paper  aummariroa  recent 
accelerator  magnet  construction  and  test  activities  at  the 
Superconducting  Super  Collider  Laboratory  (SSC),  the  Large 
Hanlon  CoOidarat  CERN  (LHC),  and  the  Relativistic  Heavy 
Ion  Collider  at  Brookhsven  (RHIC).  Future  plana  are  also 
pnaeasled. 

I.  INTRODUCTION 

This  paper  reviews  the  statua  of  the  superconducting 
magnet  programs  for  the  RHIC,  SSC,  and  LHC  accelerator 
projects.  Moat  of  the  focus  is  on  dipole  magnets,  because  of 
their  cost  and  technical  difficulty.  Critical  issues 

include  dm  quench  performance,  geometric  field  quality,  and 
time  variation  of  the  fields.  Conductor  development  for  these 
magnets  was  reviewed  last  year[l]. 

The  dipoles  in  these  programs  embody  the  same 
concepts:  NbTi  superconducting  strand  in  a  Rutherford-atyle 
partially-keystaned  cable,  cos  0  winding  with  wedges 
«t—tg— for  minimum  values  of  dm  allowed  harmonics,  cold 
iron  yoke  which  helps  support  dm  coil  against  motion, 
aperture  m  the  range  50-80  mm,  and  length  in  the  range  10 
-  15  m.  RHIC,  with  dm  lowest  field  requirement,  uses  only 
a  single  layer  coil.  LHC,  with  the  highest  field  requirement, 
will  operate  at  l.g  K. 

D.  SUPERCONDUCTING  SUPER  COLLIDER 
A.  CoUider  Dipoles 

ASST  Pinoles.  Following  a  difficult  but  ultimately 
successful  RAD  program  with  40  nun-aperture,  17  m-long 
dipolesfZ],  dm  aperture  was  increased  to  50  mm.  The  current 
lattice  has  7964  dipoles  of  15  m  length  nod  496  of  13  m 
length.  At  4.3S  K,  dm  quench  current  is  typically  7.4  kA 
(6.7  kA  corresponds  to  6.7  T  central  field  and  20  TeV). 

The  task  of  the  RAD  program  for  the  50  mm 
aperture  dipole  was  to  provide  magnets  built  by  staff  from 
industry  for  an  Accelerator  Systems  String  Test  (ASST)  with 
a  half  cell  of  magnets  (five  dipoles,  one  quadrupole,  one 
spool  piece).  At  Fermilab,  ASST  magnets  woe  built  by 
staff  from  General  Dynamics  Space  Systems  (GDSS).  At 
Brookhsven  (BNL),  ASST  magnets  were  made  by 
Westinghouse  Electric  Corp.  (WE C).  A  cross  section  of  the 
Fenmiob/GDSS  cold  mass  is  shown  in  Fig.  1;  dm  BNL 
design  is  slightly  different.  The  ASST  was  operated 
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successfully  last  summerf3]. 

The  quench  performance  of  both  Fennilab/GDSS 
and  BNL/WEC  magnets  at  4.35  K  and  3.85  K  was  excellent 
[4].  Measurements  of  dm  arimuthal  and  axial  force  during 
cooldown  and  excitation  indicated  that  the  effects  of  the 
Lorentz  forces  were  generally  as  expected(5]. 


Figure  1.  Cross  section  of  SSC  Collider  dipole  cold 

HUUML 

The  part  of  the  magnetic  field  that  is  determined  by 
conductor  placement  and  the  saturation  properties  of  iron  was 
well  understood  in  terms  of  calculations,  measurements,  and 
dm  sizes  of  dm  magnet  components,  within  the  limitations 
imposed  by  low  statistics[6,7].  There  was  good  correlation 
between  the  'cold*  measurements  and  those  at  room 
temperature. 

At  injection,  the  expected  harmonics  due  to 
magnetization  were  in  agreement  with  calculations  for  dm  6 
/un-diameter  NbTi  filaments[8].  Also  at  injection,  die 
magnetic  field  was  measured  for  an  hour,  the  length  of  time 
needed  for  filling  both  rings  of  the  collider.  The  drift  of  dm 
sextupoie  was  within  tolerance.  The  drift  of  dm  drew 
quadrupole  needs  to  be  controlled  through  the  basic 
mechanism  underlying  this  effect,  which  is  not  yet 
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Mignot  quench  performance  wu  studied  as  • 
function  of  map  rate  up  to  300  A/sec.  Harmonics  were 
measured  up  to  64  A/sec.  For  the  Collider  ramp,  4  A/aec, 
some  —g—**  had  acceptable  eddy  current  effects  but  some 
did  not.  All  mafnata  exhibited  significant  eddy  current 
effects  at  die  High  Energy  Booster  (HEB)  ramp  rate,  62 
A/sec.  The  effects  were  strongly  correlated  with  cable 
vendor.  The  moat  obvious  source  of  such  effects,  for  both 
quench  currents  and  harmonics,  is  eddy  currents,  which  in 
turn  an  a  function  of  dm  intentraad  resistance  R,  of  the 
cable.  Studies  of  dm  factors  which  determine  R,  an  being 
carried  out  as  part  of  dm  HEB  dipole  RAD. 

Recent  Activity  f91:  At  Fertnilab,  four  IS  m  RAD 
dipoles  wen  made  by  Fennilab  staff  after  the  completion  of 
dm  ASST  work.  One. of  these  magnets  was  tested  at  1.8  K, 
where  it  reached  a  quench  current  of  9990A  (9.5  T)  with 
little  training. 

Much  of  the  testing  at  BNL  the  past  year  has 
focussed  on  eddy  current  measurements.  Good  quench 
localization  information  has  been  provided  by  a  "quench 
antenna"  system,  similar  to  the  one  first  used  at  dm  LHC. 
The  ramp  rate-induced  quenches  were  found  to  be  located  in 
turns  near  dm  midpfaum,  where  eddy  current  efforts  are 
largest 

Harmonic  measurements  were  made  at  dm  axial 
location  of  dm  eddy  current  quenches.  Current  distributions 
qlffhH  from  these  harmonics  were  largest  near  the 
midplane.  Thus,  the  recent  tests  reinforced  the  conclusion 
that  dm  ramp  rate  effects  are  due  to  eddy  currents  in  the 
cable  and  can  be  limited  by  controlling  R,. 

Future  Activity:  As  the  "leader",  GDSS  has 
completed  a  magnet  design  taking  into  account  dm  ASST 
results  and  SSC  requirements.  The  first  15  m  practice  coils 
magnet  have  been  wound  and  cured  at  dm  GDSS  plant. 
Completion  of  this  magnet  is  expected  in  August. 

Two  15  m  dipoles  made  at  the  SSC  Magnet 
Development  Lab  are  scheduled  to  be  tested  at  BNL  this 
summer.  The  SSC  Magnet  Test  Facility  will  be 
commissioned  late  in  dm  summer. 

• 

B.  Collider  Quadrupole 

Collider  quadrupoles  will  have  a  central  gradient  220 
T/m  at  6.7  kA,  with  a  5.2  m  magnetic  length.  Six  full-length 
quadrupoles  with  40  mm  aperture  have  been  made  at 
Lawrence  Berkeley  Lab  (LBL)  by  staff  from  LBL  and  a 
Babcock  A  Wilcox  -  Siemens  collaboration  (BW).  Initial 
qwfirbmg  was  in  dm  range  6.6  •  7.2  kA  [10].  Typically  the 
magnets  trained  to  about  8  kA  and  then  retrained  from  7  kA 
after  thermal  cycling.  Harmonics  were  better  than  the 
specifications  [9].  Correlation  between  warm  and  cold 
harmonics  was  found  at  dm  level  of  0.5  units. 

The  BW  quadrupole  collared  coils  are  manufactured 
in  Germany  and  the  rest  of  dm  magnet  in  the  U.S.  Three  1 
m  models  have  been  quench-teated  thus  far.  The  initial 
quenches  in  each  were  at  currents  near  7.5  kA,  with  the 
—fun  reaching  dm  conductor  limit  near  8.4  kA  in  a  few 


quenches.  Retraining  after  a  thermal  cycle  began  about  8.2 
kA.  Ramp  rates  up  to  200  A/sec  have  had  negligible  effect 
on  dm  quench  currants.  Full-length  magnets  are  due  this 
fell. 

C.  High  Energy  Booster  (HEB)  Dipoles 

To  take  advantage  of  previous  RAD,  dm  design 
requirements  are  as  close  as  possible  to  those  of  dm  Collider 
dipoles.  The  HEB  dipoles  will  have  a  much  larger  sagitta 
than  dm  Collider  dipoles.  Also,  there  are  two  important 
operational  differences:  62  A/aec  ramp  rate  and  bipolar 
operation.  Teats  at  BNL  this  year  confirmed  that  the  magnet 
quench  performance  was  unaffected  by  the  currant  polarity, 
as  expected. 

The  RAD  contract  for  develop  ing  the  HEB  dipole  is 
held  by  WEC.  Baaed  on  information  from  the  ASST 

and  other  experience,  WEC  is  making  magnets  with 
cable  of  different  interstrand  resistances  (untreated  cable, 
oxide-coated  cable,  and  a  third,  undesignated,  choice  that 
could  be  alternate  untreated  and  oxide-coated  strands).  Tests 
of  short  models  have  begun  and  will  run  through  die  end  of 
the  year.  Prochiction  of  dm  first  prototype  is  planned  for  a 
year  from  now. 

D.  Other  Superconducting  Magnets 

The  HEB  quadrupoles  will  operate  on  the  same  bus 
ss  the  HEB  dipoles  and  have  design  central  gradient  190 
T/m,  length  1.23m,  and  aperture  50  mm.  The  industrial 
design  is  being  developed  at  Saclay.  The  first  test  is 
expected  next  year. 

Two  1  m  models  of  the  insertion  quadrupoles  have 
been  made  and  quench  tested  at  dm  SSC.  limy  trained  from 
an  initial  quench  current  of  about  7.3  kA  to  the  conductor 
limit,  about  8.4  kA,  in  a  few  quenches. 

ffl.  LARGE  HARDON  COLLIDER 

A.  Dipole  Design  Parameters 

To  make  the  most  effective  use  of  the  existing  27 
km  LEP  tunnel  at  CERN,  magnet  RAD  has  been  directed 
toward  reaching  the  highest  possible  field  level.  The  target 
range  has  been  8  T  to  10  T.  The  options  include  NbTi 
operated  at  1.8  K  and  NbjSn  at  4.35K.  At  present,  NbTi  is 
forseen  for  the  magnets,  although  work  continues  with  Nb^Sn 
high-field  models.  Space  limitations  in  the  tunnel  cross 
section  point  toward  a  single  cryostat  and  cold  mass,  but  with 
two  apertures  [11]  so  that  the  flux  passing  through  one 
aperture  is  returned  through  the  other  (Fig.  2).  With  1300 
twin  aperture  dipoles,  each  13.5  m  long,  a  9.5  T  central  field 
yields  a  beam  energy  of  7.7  TeV.  More  detailed  information 
on  the  lattice  and  magnets  can  be  found  in  recent  reviews 
[12,13,14]. 

Initially,  cables  for  a  two-layer  magnet  capable  of  10 
T  operation  were  designed.  The  subsequent  RAD  program 
has  explored  several  options  for  the  remainder  of  the  magnet 
design,  ss  follows:  The  collars  supporting  the  coils  could 
encompass  both  coils  in  a  single  stamping  or  just  a  single 
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coil.  The  collars  could  be  aluminum  or  nonmagnetic  staining 
steel.  The  support  of  the  collars  by  the  yoke  could  be 
acomphshed  st  room  temperture  or  during  cooldown  by  yokes 
of  several  different  geometries.  For  the  most  pert,  this  work 
lies  been  carried  out  by  contract  with  different  companies. 


figure  2.  Cross  section  of  LHC  twin  aperture  dipole  cold 
mass,  type  MTA1.  1.  Coils,  2.  Collars,  3.  Yoke,  4.  Iron 
insert,  3.  Clamp,  6.  Gap,  7.  Outer  shrinking  cylinder. 


B.  Dipole  RAD  Results 

Short,  single  aperture  models:  Initially,  two  models 
with  SO  nun  aperture  were  made  with  HERA-diameter  NbTi 
strand,  for  speed.  At  1.8  K  they  trained  quickly  to  9.3  T,  the 
conductor  limit  A  model  with  NbjSn  strand  was  also 
successfully  tested. 

A  KEK  model  with  fully-keystoned  cable  and  other 
novel  features  trained  well  at  4.35  K  but  did  not  reach  die 
conductor  limit  at  1.8  K. 

Short,  twin  WCTtvre  model?;  Using  LHC-design 
cables,  four  50  mm  aperture  models  (designated  MTA1)  have 
been  made  by  different  firms.  For  each  magnet,  choices 
were  made  among  some  of  the  construction  features 
(soldered,  partially  soldered,  and  unsoldered  cable;  common 
and  separate  collars;  etc.),  but  all  used  the  same  design  for 
die  yoke.  The  quench  results  of  the  magnets  were  quite 
similar.  At  4.35  K  they  reached  7.9  T  within  a  few 
quenches.  However,  at  1.8  K,  they  trained  slowly  above  > 
T.  One  readied  die  conductor  limit,  10.02  T,  after  about  55 
quenches  [15].  The  magnets  retrained  after  a  thermal  cycle. 

It  was  concluded  that  the  training  was  due  to  a 
common  feature  of  the  magnets.  To  localize  the  quenches. 


the  CERN  group  devised  a  clever  analysis  for  the  field 
disturbance  which  occurs  during  a  quench.  It  was  detected 
by  small  coils  in  die  bore  of  dm  magnet  [13].  The  analysis 
was  confirmed  by  voltage  tap  data  from  the  KEK  single 
aperture  magnet  [16]. 

It  was  found  diet  most  of  die  quenches  originated  in 
die  ends  of  the  inner  layer  turns  close  to  die  pole,  where 
cable  winding  is  most  difficult.  Some  of  foe  quenches 
originated  in  die  magnet  straight  section,  also  near  die  pole. 

Given  the  need  for  rapid  turnaround  and  detailed 
investigation,  a  magnet  R&D  facility  was  started  at  CERN 
about  a  year  and  a  half  ago.  Recently,  new  coils  of  foe 
MTA1  design  were  nude  in  industry  and  assembled  at 
CERN  in  a  three-part  yoke.  At  4.2  K,  this  magnet  reached 
die  limit  of  the  conductor,  8.1  T,  after  one  quench.  At  2  K, 
die  magnet  had  its  first  quench  above  9  T  and  subsequently 
trained  to  a  record  central  field  of  10.5  T.  After  thermal 
cycle  to  room  temperature  die  first  quench  was  at  9.74  T 
[17]. 

In  twin  aperture  magnets,  the  normal  quadrupole  is 
an  allowed  harmonic  because  left-right  symmetry  is  not 
preserved  in  die  yoke  design.  In  one  magnet,  measurements 
at  fixed  currents  were  made  to  10  T.  The  value  of  the 
normal  quadrupole  varied  from  low  to  high  field  in 
agreement  with  calculation.  The  normal  sextupole  was 
similarly  well  behaved.  Measurements  of  the  relative  dipole 
angle  between  die  two  apertures  await  completion  of  the 
horizontal  test  facility. 

A  twin  aperture  version  of  the  KEK  design  has  been 
tecendy  tested  at  4.35  K  [18].  The  magnet  has  separately- 
collared  coils  basically  similar  to  the  one  in  die  single 
aperture  model.  It  reached  8.12  T  central  field  after  six 
training  quenches.  The  magnet  will  be  tested  in  superfluid 
at  CERN. 

10m.  twin  aperture  model;  HERA-type  coils  were 
used  to  construct  a  twin-aperture  prototype  (TAP)  to  gain 
operational  experience  with  full  scale  two-aperture  magnets. 
The  magnet  was  tested  at  CEN,  Saclay.  At  4.5  K  it  reached 
die  limit  of  the  conductor,  5.8  T,  on  the  first  quench.  At  1.8 
K,  it  reached  die  conductor  limit  of  8.3  T  after  five 
quenches. 

C.  Future  Dipole  Program 

SO  wwn  aperture:  Tea  10  m  long  twin  aperture 
dipoles  have  been  ordered  from  four  vendors.  The  magnets 
will 'be  highly  instrumented  and  four  will  eventually  be 
assembled  into  a  half  cell  test.  Five  of  the  magnets  will  have 
the  MTA1  design.  One  will  have  the  three-part-yoke  design 
recently  tested,  with  additional  variants  for  the  other  four. 
The  initial  magnet  is  due  for  delivery  soon;  the  others  will 
follow  at  two-month  intervals. 

To  explore  further  the  Nb,Sn  route,  a  11.5  T  twin 
aperture  model  is  being  built  in  the  Netherlands  by  a  FOM- 
UT -NIKHEF  -CERN  collaboration. 

56  mm  aperture:  Accelerator  studies  made 

following  the  increase  of  the  design  beam  intensity  indicated 
the  need  for  a  larger  physical  aperture,  so  the  LHC  aperture 
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has  been  increaaed  from  50  mm  to  56  mm.  As  a  bonus,  this 
also  improves  field  quality.  Tooling  in  dm  CERN  magnet 
facility  is  being  built  for  this  aperture.  A  short  twin  aperture 
modal  is  being  built  there  by  a  Finnish-Swedish-CERN 
collaboration  for  an  operating  field  of  9.5  T.  After  a  first 
version  with  NbTi,  this  magnet  will  be  equipped  with  ternary 
alloy,  NbTiTa,  coils. 

Reduced  field  oodon:  Last  fall,  a  decision  was  made 
to  design  a  magnet  using  cable  of  foe  dimensions  developed 
for  foe  SSC.  The  SSC  strands  and  cables  are  significantly 
smaller  than  those  used  for  foe  10  T  LHC  design  (e.g.,  0.81 
mm  vs.  1.29  mm  for  foe  inner  layer  strand).  By  applying  the 
experience  in  foe  construction  of  foe  40  mm  and  50  mm  SSC 
magnets  to  a  56  mm  aperture,  the  effort  at  CERN  could  be 
concentrated  on  design  issues  unique  to  twin  aperture 
magnets.  A  short  twin  aperture  model  built  with  cable 
supplied  by  the  SSC  is  underway.  Its  operating  field  is  8.6 
T.  The  high-field  version  magnet  and  foe  SSC-cable  magnet 
will  be  completed  about  the  end  of  foe  year.  Details  of  this 
program  are  given  by  G.  Brianti  [17]. 

D.  Other  LHC  Magnets 

The  arc  quadruples  have  been  designed  and  built  by 
a  CEA,  Sac  lay  team  in  collaboration  with  CERN.  They  will 
be  powered  in  series  with  the  dipoles  and  have  an  operating 
gradient  of  250  T/m.  Two  twin  aperture,  3  m  prototypes, 
with  56  mm  aperture,  are  due  to  be  completed  in  mid-’93. 
One  will  be  tested  at  the  end  of  the  month. 

Prototypes  of  foe  correctors  have  been  tested  in  the 
UK  at  Rutherford  Lab.  Prototypes  of  tuning  magnets  are 
underway  in  Spain,  with  testing  expected  soon. 

IV.  RELATIVISTIC  HEAVY  ION  COLLIDER  (RHIC) 

RHIC  magnets  stand  exactly  at  the  threshold  of  mass 
production.  Contracts  for  the  80  nun  aperture  arc  magnets  — 
about  270  dipoles,  quadrupoles,  and  sextupoles  —  have  been 
let,  with  foe  first  magnets  due  this  year.  Production  of  the 
arc  correctors  and  the  130  mm  aperture  insertion  quadrupoles 
at  Brookhavea  is  scheduled  to  start  within  foe  month. 

The  production  cable  tun  of  567  km  of  30-strand 
cable  for  foe  arc  dipoles  and  quadrupoles  is  well  underway  at 
Oxford  Superconducting  Technology  (OST)  and  is  due  to  be 
completed  by  the  end  of  foe  year.  The  production  of  83  km 
of  36-strand  cable  for  the  insertion  magnets  has  begun  at  OST 
and  Furukawa  and  will  be  completed  next  spring. 

A  full  cell  (two  dipoles,  quadrupoles,  sextupoles, 
correctors)  using  production  designs  is  scheduled  for 
operation  this  fall. 

A.  Arc  Dipoles 

The  9.7  m-long  dipoles  generate  a  central  field  of 
3.45  T  with  a  current  of  5  kA  in  the  single-layer  coil,  for  100 
GeV/u  nuclei  (Fig.  3).  A  total  of  twelve  full-length  R&D 
magnets  have  been  made,  with  the  last  two  scheduled  for  test 
in  the  next  month.  These  two  magnets  were  used  for 
technology  transfer  to  Grumman  Aircraft  Corporation  (GAC). 


None  of  the  9.7  m  magneto  has  quenched  below 
3.85  T.  Ramp  rate  effects  have  been  insignificant  up  to 
twice  foe  design  of  83  A/sec.  This  insensitivity  has  been 
confirmed  for  foe  production  cable  in  a  short  model.  With 
cable  production  underway,  the  emphasis  is  on  minimal 
change. 

The  time  drift  of  foe  harmonics  is  much  less  of  an 
issue  with  RHIC  than  SSC  because  foe  filling  time  is  only  1 
minute  instead  of  1  hour.  Measurements  made  on  this  time 
scale  confirm  that  drifts  are  negligible.  As  a  further 
precaution  against  magneto  with  different  drift  times,  the 
cable  will  have  no  cold  welds. 


Figure  3.  Cross  section  of  RHIC  dipole  cold  mass. 


B.  Arc  Quadrupole/Sextupole/Correctors  ( QSC '). 

In  each  half  cell,  foe  quadrupole,  sextupole,  and 
corrector  are  assembled  into  a  single  cold  mass  with  80  mm 
aperture.  The  arc  quadrupoles  have  a  central  gradient  of  71 
T/m  at  their  operating  current  of  5  kA  and  a  1. 1  m  effective 
length.  A  series  of  eight  magnets  made  at  BNL  is  nearly 
complete.  Systematic  harmonics  have  beat  identified  and 
reduced  to  acceptable  levels.  Production  will  be  at  GAC. 

The  arc  sextupoles  have  an  integral  field  of  550  T/m 
at  ±100A,  with  0.75  m  effective  length.  Four  R&D 
magnets,  built  at  BNL,  have  been  used  to  debug  foe  design. 
Everson  Electric  Corporation  is  scheduled  to  delived  the  first 
of  the  production  models  in  July. 

Four  coaxial  layers  0.6  m  long  make  up  the  arc 
corrector  package,  providing  decapole,  octupole,  quadrupole, 
and  dipole  harmonics.  Four  R&D  models  of  these  have  been 
made  using  an  industral  process  for  making  circuit  boards 
("Multiwire’).  Tooling  now  set  up  at  BNL  will  be  used  for 
foe  production  run. 
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C.  Insertion  Quadrupoles 

The  lattice  calls  for  three  lengths  (1.44,  2.1,  3.4  m) 
of  insertion  quadrupoles,  but  all  with  die  same  cross  section 
for  economy  of  tooling.  The  central  gradient  is  48  T/m  at  3 
kA.  Two  1.44  models  have  been  successfully  tested.  The 
production  run  of  each  length  is  26  magnets. 

V.  GENERAL  VIEW  OF  TRAINING 

An  interesesting  parameterization  of  the  quench 
performance  of  "well-built"  magnets  in  terms  of  conductor 
properties  was  developed  last  year  [19].  The 
parameterization  quantifies  die  ability  of  the  copper  in  the 
superconducting  strands  to  carry  die  current  during  a  local 
heat  pulse  in  terms  of  an  "instability  factor",  a,  which  is 
proportional  to  the  square  of  die  current  density  in  the 
copper.  Well-built  magnets  fall  on  or  near  a  straight  line  in 
a  log-log  {dot  of  a  versus  die  number  of  training  quenches. 
For  example,  die  improved  quench  performance  of  the  most 
recent  MTA1  LHC  model  at  4.35  K  foils  on  this  line. 

Thus  for,  rather  few  magnets  have  been  tested  in 
superfluid.  The  10  T  LBL  model  [15]  fells  near  the  line. 
The  LHC  TAP  dipole  and  die  SSC  50  mm  magnet  foil 
directly  on  the  line.  The  LHC  MTA1  magnets  lie  above  the 
line,  possibly  indicating  that  the  limitations  in  1.8  K  quench 
performance  lie  in  magnet  construction  rather  than  in  the 
superfluid  helium.  It  will  be  interesting  to  see  how  well  die 
parameterization  stands  up  when  the  LHC  dipoles  made  with 
SSC  cable  are  tested  at  1.8  K. 
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Abstract 

The  string  test  facility  was  constructed  to  provide  a 
development  test  bed  for  the  arc  regions  of  the 
Superconducting  Super  Collider  (SSC).  Significant  effort  has 
been  devoted  to  the  development  and  testing  of 
superconducting  magnets,  spools,  and  accelerator  control 
systems  requited  for  the  SSC.  The  string  test  facility  provides 
the  necessary  environment  required  to  evaluate  the  operational 
performance  of  these  components  as  they  are  configured  as  an 
accelerator  lens  in  the  collider.  This  discussion  will  review 
the  results  of  high  current  testing  of  the  string  conducted  to 
evaluate  magnet  element  uniformity  and  compatibility,  the 
splice  resistance  used  tc  connect  the  magnets,  and  system 
response  to  various  quench  conditions.  Performance  results  of 
the  spools,  energy  bypass  systems,  energy  dump,  and  the 
power  supply  system  are  also  discussed. 

I.  INTRODUCTION 

The  intent  of  the  Accelerator  System  String  Test  (ASST) 
is  to  obtain  data  for  model  verification  and  information  on  the 
magnitudes  of  pressures  and  voltages  encountered  in  an 
accelerator  environment.  The  ASST  milestone  run  was 
accomplished  in  August,  1992,  and  consisted  of  demonstrating 
that  the  accelerator  components  could  be  configured  together 
as  a  system  operating  at  full  current.!1!  Following  the 
milestone  run,  the  string  was  warmed  to  correct  some  design 
flaws  that  limited  the  operational  range.  The  string  was  again 
cooled  to  cryogenic  temperatures  in  October,  and  a 
comprehensive  power  testing  program  was  conducted  through 
the  end  of  January,  1993.  This  paper  describes  how  the 
collider  arc  components  operate  in  an  accelerator  environment 
during  quenches  induced  by  firing  both  strip  heaters  and  spot 
heaters.  Evaluation  of  the  data  illustrates  how  variations  in 
the  design  parameters  of  magnets  used  in  a  string  environment 
can  impact  system  performance. 

n.  CONFIGURATION 

The  ASST  is  composed  of  five  50-mm  aperture  dipole 
magnets  that  are  15  meters  in  length,  a  five  meter  long  40-mm 
aperture  quadrupole  magnet,  and  recooler,  feed,  and  end 
spools.  The  dipole  magnets  used  in  the  string  were  industrial 
prototypes  constructed  by  General  Dynamics  personnel 
utilizing  facilities  at  Fermi  Lab.  Those  magnets  included 
DCA313,  DCA314,  DC  A3 19,  DC  A3 15,  and  DCA316.  The 
quadrupole  magnet  was  built  at  Lawrence  Berkeley  Lab.  The 
three  spool  pieces  were  built  to  SSCL  specification  by  Meyer 
Tool  (HSPRF),  Cryenco  (SPR),  and  Consolidated  Vacuum 
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Industries  (HSPRE).  A  Dynapower  Corp.  DC  current  power 
supply  was  used  to  provide  a  maximum  current  of  6500  amps. 
An  energy  dump  was  used  with  the  string  to  evaluate  the 
energy  extraction  system.  A  refrigerator  with  a  nominal 
cooling  capacity  of  500  watts  was  used  to  provide  the 
cryogenics  environment  The  string  cryogenics  system  is 
described  in  another  paper  presented  in  this  conference.!2] 

Each  dipole  magnet  consists  of  four  superconducting 
coils.  The  differential  voltage  across  each  coil  is  monitored 
by  the  quench  protection  monitor  system  and  a  data 
acquisition  system.  There  are  four  strip  heaters  for  each 
magnet  that  are  positioned  along  the  length  of  the  outer  coils 
in  a  quadrant  configuration.  The  strip  heaters  in  opposing 
quadrants  are  electrically  connected  together  in  parallel.  Each 
set  of  strip  heaters  is  independently  controlled  by  a  heater 
firing  unit.  This  configuration  protects  the  magnet  by 
providing  a  level  of  redundancy  that  ensures  the  outer  coils 
quench  despite  a  failure  that  may  occur  in  one  of  the  heaters 
or  firing  units. 

Figure  1  illustrates  the  electrical  configuration  of  the 
string.  In  order  to  reduce  the  amount  of  inductance  in  the 
system,  each  half  cell  is  composed  of  two  independent 
circuits.  Each  circuit  is  powered  using  one  of  two  power 
busses  that  run  through  the  magnets.  The  first  three  magnets 
are  powered  from  the  lower  bus.  The  remaining  dipoles  and 
the  quadrupole  are  powered  through  the  upper  bus.  The  lower 
and  upper  busses  are  connected  together  at  the  HSPRE. 
Diodes  are  connected  across  each  set  of  dipoles  to  provide  the 
required  isolation  between  circuits  during  quenching 
conditions.  When  a  quenching  condition  is  detected  in  a 
magnet,  the  strip  heaters  contained  in  the  magnets  within  the 
quenching  circuit  are  fired,  and  the  power  supply  is  turned  off. 
The  large  resistive  voltage  that  develops  across  the  magnet 
circuit  from  the  propagating  quench  condition  places  a 
forward  bias  voltage  across  the  diodes.  Current  that  is  flowing 
from  the  non  quenching  magnets  bypasses  the  quenching 
magnets  through  the  lower  impedance  path  offered  by  the 
diodes.  Approximately  one  second  after  the  quench  is 
detected,  the  energy  dump  switch  is  opened  and  energy 
remaining  in  the  string  is  dissipated  through  the  energy  dump. 
Energy  contained  in  the  quenching  portion  of  the  string  is 
dissipated  into  the  cryo  system  through  the  magnet  coils. 

III.  ASST  TEST  SUMMARY 

The  string  was  operated  at  T  =  4.65  K  partly  because  of 
the  limitations  of  the  cryogenics  plant,  but  also  to  keep  the 
amoun’  of  operating  margin  in  the  magnets  small.  A  total  of 
66  p».  it  tests  involving  the  magnets  have  been  conducted 
from  July  9,  1992,  through  January  29,  1993.  Of  those  tests, 
18  were  involved  in  system  commissioning,  and  13  were  strip 
heater  and  spot  heater  quench  tests.  One  test  was  the 
Congressionally  mandated  milestone  demonstration  test.!1! 
The  remainder  of  the  tests  involved  energy  dump  testing  or 
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Figure  1.  Electrical  configuration  of  the  ASST. 


bypass  lead  testing.  The  opportunities  to  conduct  quench 
testing  were  limited  because  it  took  the  cryogenics  system 
three  to  four  days  to  recover  from  a  full  current  quench  test 
In  addition  to  quench  testing,  resistance  of  four  splice  joints  as 
a  function  of  current  were  measured. 

A  Quench  Analysis 

Peak  voltage  in  the  ASST  string  configuration  is  of 
concern  because  the  dielectric  strength  of  the  components  in 
the  system  must  be  able  to  withstand  this  voltage.  The  peak 
voltage  is  influenced  by  several  factors  including  the  method 
of  quench  initiation,  circuit  inductance,  string  temperature, 
and  differences  in  the  low  temperature  (non  superconducting) 
resistance  between  magnets. 

Strip  heater  induced  quenches  generate  higher  voltages 
than  spot  heater  quenches  because  a  larger  segment  of  one 


magnet  goes  resistive  in  a  shorter  period  of  time.  The  time 
rate  of  resistance  growth  (dR/dt)  is  increased  in  a  strip  beater 
induced  quench  due  to  the  joule  heating  of  the  outer  coils, 
while  other  magnets  in  the  same  circuit  remain  in  a 
superconducting  state.  Energy  from  the  other  magnets 
supplies  energy  to  the  quenching  magnet  By  the  time  the 
other  magnets  in  the  circuit  quench,  the  dR/dt  of  those  coils  is 
much  lower  than  in  the  magnet  initiating  the  event 

Operation  at  lower  temperatures  increases  the  operating 
margin  of  the  magnets.  Once  a  quench  is  detected  by  the 
quench  protection  system  and  the  heaters  are  fired  in  the  other 
non  quenching  magnets,  the  time  it  takes  these  magnets  to 
reach  a  normal  state  is  increased  due  to  the  additional 
operating  margin.  Meanwhile,  the  quenching  magnet  that 
initiated  the  event  continues  to  build  resistance  from  joule 
heating. 

One  of  the  unexpected  results  from  testing  was  the  effect 
that  differences  in  the  residual  resistivity  ratio  between 
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magnets  bad  on  the  system  quench  response.  (The  residual 
resistivity  ratio,  or  RRR,  is  defined  as  the  300  K  resistance 
divided  by  the  10  K  resistance.)  Problems  were  encountered 
during  string  testing  Croat  using  magnets  with  different  RRR 
values  in  the  same  circuit  Table  1  outlines  the  RRR 
characteristics  of  the  dipole  magnets  used  in  the  string.  From 
Figure  1,  DCA313,  DCA314,  and  DC  A3 19  are  grouped 
together  electrically,  and  DC  A3 15  and  DCA316  are  wired 
together.  Some  magnets  in  the  circuit  were  dissipating  more 
of  the  stored  energy  at  a  high  rate,  while  other  magnets 
transferred  much  of  their  stored  energy  to  the  magnets  with 
lower  RRR.  Figure  2  illustrates  the  MIITs  (millions  of  amps 
squared  integrated  over  time)  and  peak  voltage  to  ground  that 
were  attained  during  strip  heater  induced  quenches  on 
DCA319.  The  test  was  terminated  at  6000  amps  because  the 
voltage  was  projected  to  reach  2300  volts  at  6500  amps. 


RRR  VALVES  of  ASST  MAGNETS 


[  Magnet 

LI  RRR 

170 

174 

171 

173 

I  DC  A3 14 

174 

177 

174 

171 

105 

96 

97 

108 

1  DC  A3 15 

162 

173 

174 

177 

67 

109 

109 

78 

Table  1.  U1  is  the  upper  inner  coil,  UO  is  the  upper  outer  coil, 
LO  is  the  lower  outer  coil,  and  LI  is  the  lower  inner  coil. 


Volts  to  Ground  and  MIITs  vs  Quench  Current 
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Figure  2.  MIITs  and  voltage  to  ground  as  a  function  current 
when  initiating  a  string  quench  by  firing  the  strip  heater  in 
DCA319  (T  =  4.65  K). 


Using  the  MIITs  integral  to  quantify  energy  dissipation 
into  heat,  it  is  seen  that  RRR  has  an  important  role  in 
determining  the  response  of  the  system.  The  MIITs  is 
determined  by 


dt  -  Kf6 A?  d  (T 

J  <T» 


cm 


where  i  is  the  current,  A  is  the  cross-sectional  area,  d  is  the 
density,  C  is  the  heat  capacity  of  the  conductor,  B  is  the 
magnetic  field  term  for  the  magneto-resistance,  and  p  is  the 
electrical  copper  resistivity.  An  approximation  for  p  is 
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The  parenthesis  on  the  right  is  an  approximation  to  the 
Griineisen  integral  formula  for  the  phonon  scattering 
resistivity  PI  As  the  RRR  of  the  material  is  uniformly 
reduced,  its  copper  resistivity  at  low  temperatures  is  increased. 
The  MIITs  are  reduced  because  the  effective  time  constant  of 
the  system  is  shorter.  Stored  energy  in  the  magnets  dissipates 
more  rapidly  when  the  cold  resistivity  of  the  material  is 
higher.  Since  the  resistivity  is  increased,  the  peak  voltage 
attained  during  quench  also  increases.  In  a  string 
environment,  quenching  magnets  with  lower  RRR  experience 
higher  MIITs,  voltages,  and  temperatures  than  anticipated. 
These  higher  values  are  due  to  the  additional  energy  dissipated 
in  those  magnets  that  is  provided  from  magnets  in  the  system 
with  higher  RRR. 

Energy  deposition  estimates  were  made  using  the  coil 
voltage  Vjt),  which  is  a  combination  of  the  inductive  voltage 
that  results  from  change  in  current  in  a  coil  of  inductance  Lc 
and  a  resistive  voltage  resulting  from  current  passing  through 
the  copper  in  the  composite  superconducting  wire.  The 
developed  coil  resistance  RJt)  is  given  by 

(VAO-Lc 

n  /a\  _ _ 


where  di/dt  is  calculated  from  the  current  decay  of  i(t).  Given 
the  resistance  of  each  coil,  an  estimate  is  made  on  how  the 
energy  is  being  dissipated  in  the  string.  The  total  energy 

1  2 

stored  in  the  string  is  given  by  =  -Ll0  ,  where  L  is  the 

string  inductance  (approximately  75  mH/dipole  and  7.5 
mH/quadrupole),  and  10  is  the  string  current  before  a  quench 
occurs.  For  =  6500  amps,  the  energy  storage  in  the  string 
is  Wl  =  8  MJoules.  The  energy  deposition  for  each  coil  is 
determined  by 

Wrc=  j^Rcfoftodt, 

J  ta 

where  t0  represents  when  resistance  in  the  coil  is  detected. 

Figure  3  illustrates  how  the  string  energy  is  dissipated  in 
the  suing  during  Event  #285  when  all  strip  heaters  are  fired 
simultaneously.  DCA319  dissipated  the  most  energy  because 
it  had  the  lowest  RRR  of  the  three  dipoles  in  its  circuit  (see 
Figure  1).  Although  the  RRR  of  DCA316  is  similar  to 
DCA319,  there  was  only  one  other  dipole  in  the  DCA316 
circuit.  The  total  energy  dissipated  by  Event  285  was  7.79 
MJoules.  The  3.68%  difference  from  the  expected  energy  of 
8.08  MJoules  is  due  to  the  change  in  the  dipole  inductance 
from  the  high  field  iron  core  saturation. 
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Energy  Dissipation  Profile  for  Event  285 


Magnet 


Figure  3.  Profile  of  energy  dissipation  for  Event  285  where 
all  strip  beaters  were  fired  simultaneously.  Peak  current  for 
this  event  was  6475  amps. 


C.  Ramp  Rate  Study 

Significant  effort  has  been  expended  on  understanding 
dipole  ramp  rate  sensitivity  during  single  magnet  testing.  The 
test  facility  at  used  at  FNAL  did  not  have  an  energy  dump  and 
was  unable  to  conduct  decay  ramp  sensitivity  tests.  The 
baseline  dump  resistance  used  in  the  ASST  was  increased 
from  10  mfi  to  16  mil  in  order  to  reduce  the  time  constant  of 
the  system.  Table  2  summarizes  the  result  of  the  test. 


Event# 

Dump  ft 

di/dt  [amps/sec] 

359 

10  mfi 

237.2 

375 

12  mft 

276.0 

369 

16  mfi 

339.3 

Table  2.  Ramp  rate  sensitivity  tests.  DCA313  and  DCA315 


quenched  at  5300  amps  during  Event  369. 


During  energy  dump  using  a  dump  resistance  of  16  mf2, 
dipole  magnets  DCA313  and  DCA315  quenched  due  to  eddy 
current  beating.  Of  the  magnets  used  in  the  string,  DC  A3 13 
and  DCA315  exhibited  the  highest  sensitivity  to  di/dt  during 
single  magnet  testing.!4!  It  is  possible  that  if  we  were 
operating  the  string  at  4.35  K,  we  would  have  been  able  to 
successfully  dump  the  system  using  the  16  mO  dump 
impedance  without  quenching. 

Calculations  to  estimate  the  resistance  change  required  to 
obtain  a  desired  ramp  rate  were  performed.  The  relationship 
for  estimating  resistance  is 


where  L  is  the  system  inductance  of  382.5  mH,  di/dt  is  the 
desired  ramp  decay  in  amps/sec,  t  is  the  time  interval,  and  I0  is 
the  initial  current  Since  the  initial  decay  rate  at  4  *  6500 
amps  for  a  dump  resistance  of  10  mfi  was  237.2  amps/sec,  the 
system  load  including  the  power  bus  resistance  is  calculated  to 
be  14.8  mfi.  Assuming  the  incremental  change  in  the  dump 
resistance  is  accurate,  the  above  equation  can  be  used  to  strive 
for  system  inductance.  Changing  the  system  load  impedance 
by  2  mfi,  the  inductance  is  368  mH.  Increasing  the  load 
resistance  by  4  mfi,  the  system  inductance  is  approximately 
367  mH.  The  percent  change  in  inductance  of  3.79%  is 
consistent  with  results  from  the  joule  deposition  calculation 
presented  in  the  previous  section.  Using  the  new  inductance 
in  the  above  equation  leads  to  a  system  impedance  of  14.24 
mfi  when  using  the  10  mfi  dump  resistance. 

D.  Spot  Heater  Testing 

The  limited  operations  schedule  permitted  only  two  spot 
heater  tests  at  the  full  current  of  6500  amps.  We  induced  full 
current  spot  heater  quenches  on  DCA313  and  DCA319.  This 
provided  a  comparison  for  voltage  to  ground  and  MIITs 
development  between  dipole  magnets  of  different  RRR  values 
(see  Table  1).  Table  3  summarizes  the  comparison  between 
DCA313  and  DCA319  as  well  as  lower  current  spot  heater 
tests  conducted  on  DCA319.  As  expected,  the  maximum 
MIITs  developed  on  DCA319  occurred  below  6500  amps. 


Magnet 

Max  current 

Volts  to  GND 

MIITs 

DCA313 

6500 

566 

11.55 

DCA319 

6500 

1232 

10.99 

DC  A3 19 

6000 

923 

11.3 

DC  A3 19 

5000 

418 

10.95 

Table  3.  Spot  heater  test  results. 


An  unexpected  event  occurred  during  the  spot  heater  test 
conducted  on  DCA313  that  was  similar  to  a  full  current  strip 
heater  quench  conducted  earlier  on  the  same  magnet  (Event 
335).  Normally  when  a  quarter  cell  quenches,  the  beat  from 
the  quench  propagates  into  the  magnet  in  the  adjoining  quarter 
cell  causing  a  thermally  induced  quench.  We  ordinarily 
would  have  expected  DCA315  (in  the  fourth  dipole  position) 
to  experience  a  thermal  quench.  In  both  cases,  when  DCA313 
was  quenched  at  full  current,  DC  A3 16  (in  the  fifth  dipole 
position)  experienced  a  thermal  quench.  One  possible  cause 
could  be  heating  from  the  recooler  in  the  SPR  due  to  the 
differential  pressure  that  develops  from  the  induced  cryogenic 
flow  impedance.  We  currently  do  not  have  enough  data  to 
accurately  characterize  this  process. 

E.  Bypass  Lead  Testing 

The  bypass  leads  located  on  the  SPR  are  composed  of 
stainless  steel  that  are  used  to  conduct  current  from  the 
superconducting  power  bus  to  the  outer  cryostat  during 
quenching  conditions.  The  stainless  steel  is  used  to  provide 
thermal  isolation  without  excessive  heat  leak  into  the  cold 
mass.  Since  stainless  steel  is  a  relatively  poor  electrical 
conductor,  care  must  be  taken  not  to  overheat  the  lead  during 
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IV.  FULL  CELL  RUN 


operation.  The  lend  must  be  designed  to  withstand  the  MIITs 
developed  during  m  energy  dump  which  is  determined  by 

MIITs  ?(!)  dt  - 10* jQ  (/  Qe  L^jdt  -  ^  x  10* 

For  the  Collider,  the  maximum  operating  current  is  -  7  kA, 

the  circuit  inductance  is  39  H,  and  the  dump  resistance  is 
approximately  1  ft.  The  MIITs  requirement  for  the  bypass 
lead  is  1000  MIITs.  We  conducted  a  series  of  experiments 
designed  to  evaluate  bypass  lead  performance.  The  lower 
bypass  lead  was  tested  to  1400  MIITs,  and  the  upper  bypass 
lead  was  tested  to  2040  MIITs. 

F.  Splice  Joint  Resistance 

Voltage  taps  were  placed  on  each  side  of  four  splice  joints 
in  the  string.  The  voltages  across  the  joints  were  monitored 
while  ramping  the  string  to  full  current.  Figure  4  illustrates 
the  splice  joint  resistances  from  2000  amps  to  the  full  current 
of  6300  amps.  These  were  also  the  first  joints  fabricated  in 
the  field  so  it  is  expected  that  the  impedance  will  become 
lower  as  our  processes  continue  to  improve  and  experience  is 
gained  in  joint  fabrication.  The  change  in  resistance  as  a 
function  of  current  is  due  to  the  superconducting  properties  of 
solder  at  low  currents.  The  differences  between  splice 
impedance  at  high  current  is  probably  due  to  differences  in  the 
solder  composition  or  thickness  between  joints.  The  thickness 
can  be  thought  of  as  the  distance  between  superconducting 
composite  strands  in  the  opposite  sides  of  the  joint  with 
respect  to  each  other. 


Splice  Impedence  Measurements 


Current 


Figure  4.  Splice  joint  resistance  as  a  function  of  current.  The 
"hump”  in  the  "gh  ft"  curve  is  probably  due  to  measurement 
error. 


We  are  currently  reconfiguring  the  string  as  a  full  cell  that 
is  scheduled  for  cool  down  sometime  in  July.  The  full  cell  is 
composed  of  10  dipole  magnets  and  two  quadrupole  magnets. 
The  dipole  magnets  are  grouped  together  based  on  RRR  into 
four  families.  We  expect  the  energy  dissipation  of  the  system 
to  become  more  balanced  as  each  RRR  family  is  configured 
together  through  one  bypass  circuit  The  full  cell  will  be 
operated  utilizing  one  of  the  sector  refrigerators  that  has  been 
built  for  the  Collider.  The  refrigerator  will  permit  operation  at 
lower  temperature,  and  will  recover  from  a  full  power  quench 
in  a  much  shorter  time  than  the  refrigerator  used  previously. 
We  plan  to  continue  monitoring  splice  joint  resistance  and  to 
conduct  stutfies  on  power  bus  quenches.  A  fully  instrumented 
SPR  will  replace  the  original  SPR.  The  additional 
insnunentatkw  allows  us  to  study  quench  dynamics  between 
half  cells.  The  corrector  package  in  the  SPR  is  operational. 
The  additional  instrumentation  in  the  SPR  may  abo  allow  ns 
to  understand  how  a  full  current  quench  in  the  first  dipole 
induces  a  thermal  quench  in  the  dipole  adjoining  the  SPR. 

V.  CONCLUSIONS 

Important  progress  has  been  made  on  the  Collider  design 
in  the  past  two  years.  We  have  identified  several  problems 
early  enough  in  the  design  cycle  to  have  significant  impact 
With  the  exception  of  the  problem  encountered  in  matching 
RRR  values  between  dipoles,  we  have  not  encountered  any 
operational  problems  that  would  prohibit  full  current  operation 
of  the  Collider.  The  problem  encountered  with  RRR  matching 
is  currently  being  addressed  at  the  design  level,  and  will  be 
solved  before  magnet  production  for  the  Collider  has  begun. 
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Abstract 

The  Final  Focus  Test  Beam  was  conceived  as 
a  technological  stepping  atone  on  the  way  to  the 
next  linear  collider.  Nowhere  is  this  more  evident 
than  with  the  alignment  subsystems.  Alignment 
tolerances  for  components  prior  to  beam  turn  are 
almost  an  order  of  magnitude  smaller  than  for 
previous  projects  at  SLAC.  Position  monitoring 
systems  which  operate  independent  of  the  beam 
are  employed  to  monitor  motions  of  the 
components  locally  and  globally  with 
unprecedented  precision.  An  overview  of  the 
FFTB  alignment  system  is  presented  herein. 

I.  INTRODUCTION 

The  primary  objective  of  the  Final  Focus  Test 
Beam  (FFTB)  is  to  consistently  and  repeatably 
focus  a  50  GeV  election  beam  onto  an  area  which 
is  1  pm  wide  (horizontal)  and  80  nm  tall  (vertical). 
The  FFTB  alignment  system  contributes  in  three 
ways. 

(1)  Tight  initial  alignment  tolerances  reduce  the 
time  required  to  initially  focus  the  beam. 

(2)  Sensors  which  monitor  the  motions  of  magnets 
during  a  run,  independent  of  the  beam,  are  new 
tools  which  improve  our  ability  to  focus  and 
control  the  beam. 

(3)  Sensors  which  monitor  motions  of  the  magnets 
between  runs  reduce  the  time  required  to  return  to 
a  successful  configuration. 

2.  INITIAL  ALIGNMENT 

2  J  Tolerances 

The  FFTB  is  composed  of  four  straight  sections  as 
shown  in  figure  1. 


must  have  closest  vertical  approach  of  no  more 
than  30pm. 


Position  of  hing*  point: 
s  mm  i  miww 
200  um  VMM 

Hgura  2.  FFTB  initial  alignment  tolearances  Rlustratod. 

22  Tooting  plates 

The  30|un  vertical  alignment  tolerance  applies  to 

23  quadrupole  magnets  and  4  sextupole 
magnets  [1,2].  We  have  fidudalized  these  magnets 
to  within  12pm  using  a  technique  developed  here 
at  SLAC(3].  The  fidutiab  for  these  magnets  are 
press  fit  into  invar  tooling  plates.  Two  of  these 
tooling  plates  are  kinematically  mounted  on  die 
horizontal  and  vertical  split  planes  of  each  of  the 
23  quadrupole  and  4  sextupole  magnets.  The 
mounting  scheme  of  the  tooling  plates  on  a 
quadrupole  is  illustrated  in  figure  3.  One  spherical 
contact  point  touches  the  vertical  split  plane,  two 
spherical  contact  points  touch  the  horizontal  split 

plane  and  3 
contact 
press 
the 
the 


spherical 
points 
against 
magnet  in 
longitudinal 
direction, 
have  found 


We 

that 


f*n  nal  HnWiS 

rOCM  rOW 


Figure  1.  FFIB  compoaad  of  4  atraigM  aactiona. 

Initial  alignment  tolerances  for  FFTB  quadra  poles 
and  sextupoles  are  quite  small:  30pm  horizontally 
and  100pm  vertically.  Additionally,  the 
intersections  between  adjacent  straight  sections 


Figure  3.  ~baing  pWre  on  •  qundrupoi* 

these  tooling 
{dates  may  be  removed  and  replaced  on  the  magnet 
to  within  3pm  of  their  original  location. 

Mounting  slots  for  2  wire  position  monitors 
(WPMs)  are  located  on  each  tooling  plate.  WPMs 
will  be  described  in  section  3.2. 

22  Alignment  Instruments 
In  addition  to  theodolites,  we  will  use  two  new 
alignment  instruments  for  FFTB  initial  alignment: 
(1)  Laser  Tracker  (2)  Portable  Water  Hydrostatic 
Level. 

22  J  Laser  Trucker 

The  laser  tncker[4]  is  an  interferometer  whose 
pointing  direction  "tracks*  a  retro  reflector  mounted 


*  Worfc  repporled  by  iSc  U.S.Dtpirtiunl  of  Eaofy  endtx  contract  DE-AC(&-76SF0QS1S 
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inside  of  a  13  inch  diameter  sphere.  By  moving 
the  sphere  between  fiduciala,  one  may  quickly 
measure  the  relative  azimuth  and  elevation 
between  the  fiducials,  as  seen  by  the  tracker,  to 
within  a  few  arcaeconds.  Relative  line  of  sight 
distance  between  fiducial:  may  be  measured  to 
within  about  10pm. 

233  Portable  water  l*»*f 


In  order  to  achieve  30pm  vertical  alignment  of  fee 
magnets  we  will  use  a  portable  hydrostatic 
level[5].  The  measurement  range  of  this 
instrument  is  approximstely  25mm,  and  we 
typically  achieve  10pm  repeatability  after  a  series 
of  measurements  spanning  several  meters  and 
taken  over  fee  course  of  an  hour.  For  increased 
accuracy  over  large  distances,  the  hydrostatic 
level,  and  the  laser  tracker  will  use  fee  Fresnel 
laser  system  as  a  global  straight  line  reference. 

23  Fnsnel  Laser  Re  fen  nee  System 

The  SLAC  linac 
Fresnel  laser 

alignment  system  has 
been  extended  to  the 
FFTB[6].  Thirteen 
new  zone  plates  have 
been  installed  and 
calibrated  to  within 
10pm  wife  respect  to 
fiducials  on  the 
outside  of  their 
respective  laser 
stations.  By  detecting  fee  images  produced  from 
these  zone  plates  we  may  compute  to  within 
5pm[7]  fee  relative  offset  of  each  zone  plate  from 
a  straight  line  which  goes  through  fee  center  of  two 
zone  plates.  Thus  the  relative  positions  of  fee  laser 
station  fiducials  throughout  fee  FFTB  may  be 
computed  to  within  about  10pm.  These  fiducials 
will  serve  as  a  straight  line  reference  extending  the 
length  of  fee  FFTB. 


observe  subtle  changes  in  fee  relative  alignment  of 
fee  magnets  in  one  straight  section.  Previously 
such  changes  were  observed  indirectly  via  beam 
position  monitors  and  other  devices  which  monitor 
the  beam. 


33  Stretched  win  alignment  system 

_  q  Our  colleagues 

Y - from  DESY  have 

provided  s 

]“*•  stretched  wire 

Fi{jjra  5.  The  (fetched  wk*  |Hgnmcnt  syslem 

which  will  be  used  for  on  line  (and  off  line) 
monitoring  of  magnet  positions.  The  system 
consists  of  a  pair  of  wires  for  each  of  fee  4  straight 
sections.  Three  WPMs  are  installed  on  fee  tooling 
plates  of  each  of  fee  23  quadrupolcs  and  4 
sextupoles.  Each  WPM  is  similar  to  a  beam 
position  monitor  (BPM)  in  feat  it  contains  4 
antenna  and  fee  differential  signal  strength 
received  from  opposite  pairs  of  antenna  is  the 
quantity  of  interest  However,  unlike  a  BPM 
which  receives  its  signal  from  a  packet  of  charged 
particles,  fee  WPMs  receive  their  signal  from  a 
stretched  wire  which  is  excited  at  fee  fixed  end 
wife  a  3  Watt,  140  MHz  signal  and  which  is 
grounded  through  a  250Q  resistor  at  fee  pulley 
end.  The  wire  is  centered  to  within  +/-150pm 
inside  an  8mm  (inner  diameter)  brass  tube.  The 
tube  serves  as  the  outer  conductor  in  a  coaxial 
structure  which  presents  a  constant  impedance  to 
the  3  Watt  signal  and  which  shields  the  signal  from 
the  outside  world 
where  it  would 
interfere  wife  FM 
radio  broadcasts. 

A  precision  made 
aluminum 
extrusion  provides 
a  straight  and  rigid 
support  for  the 
brasstube. 


Figure  6.  Support  structure 
for  the  wire  system. 


3.  ON  LINE  MONITORING 

3.1  Description 

On  line  monitoring  is  the  process  by  which  the 
stretched  wire  alignment  system  monitors  the 
relative  motions  of  the  magnets  in  a  straight 
section  while  fee  beam  is  turned  on.  Each  of  the 
magnets  wife  tooling  plates  is  installed  on  a  mover 
which  can  roll  the  magnet  in  increments  of  several 
tuadians  and  which  can  move  the  magnet 
horizontally  and  vertically  in  increments  of 
approximately  lpm.  On  line  monitoring  using  the 
stretched  wire  system  will  allow  us  to  directly 


The  3  WPMs  on  each  magnet  allows  us  to  measure 
horizontal,  vertical,  roll,  pitch  and  yaw  motions  of 
the  magnet.  The  standard  deviation  of  a  set  of 
readings  from  one  WPM  is  typically  less  than 
lpm.  The  stretched  wire  oscillates  at 
approximately  5  Hz  with  an  amplitude  of  several 
micro  meters.  Therefore  it  is  necessary  to  average 
readings  from  each  WPM  for  about  a  second  in 
order  to  achieve  sub  micro  meter  standard 
deviation. 
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maintained  com  tint  to  within  1/1000  degree  C. 
The  horizontal  displacement  of  the  bridge  with 
respect  to  the  User  station  is  monitored  to  within 
2pm  by  a  proximity  sensor.  Using  these  seniors 
and  a  number  of  temperature  sensors  located  on 
the  wire  terminator  and  the  User  station,  we  will 
monitor  the  horizontal  and  vertical  motion  of  the 
wire  ends  with  respect  to  the  User  station  to  within 
a  few  micro  meters. 


Summary 


4.  RECONFIGURATION 

4  J  Description 

We  anticipate  that  the  FFTB  will  have  runs  lasting 
for  one  week  or  less  separated  by  down  times  of 
one  or  more  weeks.  Therefore,  it  U  important  to 
be  able  to  return  the  magnets  to  their  previous 
positions  quickly.  Our  goal  U  to  reconfigure  the 
FFTB  to  within  +/*10|tm  using  the  alignment 
system.  Reconfiguration  applies  not  only  to  the 
alignment  of  msgnets  on  one  straight  section  but 
also  to  the  intersection  of  adjacent  straight 
sections,  see  figure  2.  In  order  to  do  this  we  need  a 
way  of  monitoring  the  motions  of  the  ends  of  the 
wires. 


The  bridge  U  a  rigid  invar  structure  which  transfers 
the  motion  of  a  wire  terminator  to  the  top  of  a  User 
station  whose  location  may  be  monitored  with 
respect  to  other  User  stations  throughout  the  FFTB. 
The  bridge  rests  on  a  ball  which  touches  the  top  of 
the  User  station,  and  the  bridge  is  attached  to  the 
wire  terminator  via  a  precision  hinge.  The  ends  of 
4  wires,  spanning  2  straight  sections,  are  also 
mounted  os  the  wire  terminator.  The  roll  of  the 
bridge  U  monitored  with  sub  micro  radian 
precision  by  a  tilt  sensor  whose  temperature  U 


*  Initial  alignment  of  fee  FFTB  will  be  achieved 
by  supplementing  theodolites  with  two  new 
survey  instruments,  a  User  tracker  and  a 
portable  hydrostatic  leveling  system,  used  in 
coryunction  wife  fee  User  reference  system. 

*  On  line  monitoring  of  each  FFTB  straight 
section  will  be  accomplished  using  fee 
stretched  wire  alignment  system. 

*  Reconfiguration  of  fee  FFTB  after  a  down 
time  will  be  accomplished  using  information 
from  the  stretched  wire  system,  the  User 
reference  system  and  the  bridges  which 
connect  them. 
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Abstract 

Eighteen  liquid-helium  cryoplants  are  presently  in  use  at 
CERN,  four  of  them  commissioned  in  1992.  Unit  capacities 
(entropy  equivalent)  range  from  0.1  to  6kW/4.S  K.  Four 
even  larger  cryoplants  (12  kW/4.S  K,  upgradable  to 
18  kV*  4.5  K)  are  in  the  process  of  installation  and 
commissioning.  Apart  from  feeding  laboratories  for 
development  and  tests  of  cryogenic  equipment,  the  cryoplants 
provide  cooling  for  superconducting  detector  and  accelerator 
magnets  and  superconducting  RF  cavities,  where  their 
uninterrupted  availability  is  crucial  for  efficient  accelerator 
operation.  Integrated  running  time  in  1992  was  of  the  order  of 
100  000  hours.  Hus  paper  summarises  experience  from  all 
phases  of  operation,  normal  running,  emergencies,  cool-down 
and  warm-up.  Some  information  is  given  on  software 
controls,  data  acquisition,  and  fault  analysis,  and  on 
conclusions  concerning  corrective  or  preventive  maintenance 
and  advisability  of  investments  for  increased  availability  of 
cryogenics. 

I.  INTRODUCTION 

By  the  end  of  1991,  14  liquid-helium  cryoplants  were  in 
operation  at  CERN,  totalling  a  cooling  capacity  equivalent  to 
6.6  kW  at  4.SK.  Nine  of  them  were  used  to  cool  the 
superconducting  magnets  of  various  particle  detectors  [1] 
(including  low-6  quadnipoles  integrated  into  the  LEP  detectors 
ALEPH,  DELPHI.  L3  and  OPAL  [2]),  three  of  them  to 
provide  liquid-helium  for  test  facilities,  mostly  for  the 
development  of  LEP200  superconducting  cavities  and 
superconducting  magnets  for  LHC,  and  two  served  for  the 
cooling  of  superconducting  cavities  in  LEP  and  SPS  (3}.  The 
typical  unit  capacity  c;  these  plants  was  500  W. 

In  the  framework  of  die  LEP200  Project  [4],  two  much 
larger  cryoplants  of  6kW  equivalent  capacity  were 
commissiooed  in  1992  (and,  in  addition,  two  400  W  plants), 
and  another  four  cryoplants  of  12  kW  capacity  (upgradable  to 
18  kW  by  addition  of  compressors)  are  presently  (in  1993) 
being  installed  and  commissioned.  The  cooling  capacity 
installed  at  CERN  has  thus  nearly  tripled  in  1992  and  will  by 
1994  have  increased  by  a  factor  of  ten  with  respect  to  1991. 

In  this  paper,  experience  with  operation  of  the 
18  cryoplants  in  service  last  year  will  be  reported. 


II.  CHARACTERISATION  OF  THE 
CRYOGENIC  SYSTEM 

Table  I  summarises  technical  and  operational  data  of  the 

cryoplants.  The  following  points  should  be  noted: 

•  The  cryoplants  for  experiments  are  installed  dose  to  the 
detectors  in  the  experimental  halls  (underground  halls  for 
the  LEP  experiments):  compressors  are  housed  in  special 
buildings  above  ground.  Because  of  the  large  distances  (of 
the  order  of  10  km  between  LEP  experiments) 
centralisation  of  compressors  was  possible  only  for  the 
complex  NA33  -  NA44  -  NA47  -  RD5  •  LHC  magnet  test 
lab  and  for  the  complex  OMEGA  •  BOC  cryoplant  • 
ex-ISR  cryoplant. 

•  The  cryoplants  for  experiments  (with  the  exception  of  the 
OMEGA  veteran  plant)  are  usually  operated  in  remote 
control  mode  from  a  central  Cryogenic  Control  Room. 
Centralisation  of  cryoplant  operation  will  also  be 
implemented  for  cavity  cryogenics  in  a  later  stage  (Remote 
Cryogenics  Commissioning  Room);  in  the  present 
LEP200  construction  phase  involving  frequent  non-routine 
operations,  local  control  is  often  the  preferred  operational 
mode.  Cryoplants  of  the  test  facilities  and  of  die  Central 
Uquefier  are  controlled  locally. 

•  None  of  the  plants  is  operated  by  round-the-clock  shifts  of 
operators.  At  night  time  and  week-ends,  operators  are, 
however,  on  standby  duty,  and  can  be  called  in  by  an 
automatic  alarm  system. 

•  Table  1  mentions  the  year  of  commissioning  of  each 
cryoplant.  Note  the  tremendous  increase  of  plant  efficiency 
(170  kW  compressor  power  for  150  W  cooling  power,  i.e. 
1100W/W,  in  1968  versus  2500  kW  for  12  kW.  i.e. 
210  W/W  (design  value)  in  1993.  This  improvement  by  a 
factor  of  5  is  a  very  important  step  forward  towards 
economy  in  power  consumption,  which  accounts  for  a 
substantial  part  of  the  operation  costs  of  a  superconducting 
accelerator.  The  increase  in  efficiency  is  probably  related 
to  the  requirement  of  utmost  compactness  for  plants  to  be 
installed  in  an  accelerator  tunnel,  where  space  is  at  a 
premium,  since  compactness  requires  heat  exchangers  of 
highest  efficiency,  which  in  turn  increase  the  overall 
efficiency  of  the  plant. 
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Table  1 

CERN  cryoplant*:  technical  data,  operation  time  and  downtime  in  1992 


Interruption 
ofLHe 
delivery  to 


Fixed-target  experiments 

OMEGA  detector 

1971 

NA35 

1976-79 

NA44 

1979, 1991 

NA47 

1976-79 

RD5 

1976-79 

LEP  collider  experiments 


ALEPH 

(incL  low-P  quadrupoles) 

1988 

DELPHI 

(incL  low-P  quadripoles) 

1988 

OPAL  low-P  quadruples 

1976-79 

L3  iow-P  quadrupoles 

1976-79 

0 

18 

(low-P:  5) 

(low-P:  10) 

0 

10 

(low-P:  5) 

(low-P:  0) 

5 

10 

5 

12 

Snpercondncting  RF  cavities  in  the  SPS  (injection  of  electrons/positrons  into  LEP) 


SPS  BA4 

1989 

SPS  BA4 

1992 

Superconducting  RF  cavities  in  LEP 


LEP  Point  2 

1992 

LEP  Point  6 

(1993) 

LEP  Point  8 

(1993) 

Test  facilities  for  superconducting  cavities  and  magnets 


Hall  892: 

LHC  magnet  test  lab 

1976-79 

Hall  180:  BOC  cryoplant 

1977 

Hall  180:  ex-ISR  cryoplant 

1980, 1990 

Hall  SM18: 

LEP20Q/LHC  tests 

1992 

Central  liquefier  and  Cryolab 

A.D.  Little  liquefier 

1968 

Suker  liquefier 

1992 

Intermittent  operation  according 
to  test  requirements 


Intermittent  operation  according 
to  requirements 
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HI.  OPERATIONAL  EXPERIENCE 
AND  FAULT  ANALYSIS 

In  the  last  five  columns.  Table  1  gives  the  number  of 
running  hours  of  the  cryoplants  used  in  regular  operation  with 
the  accelerator  and  current  experiments,  the  number  of 
accidental  stops  of  the  plant  and  the  duration  of  interruption  of 
liquid-helium  supply  to  the  user.  The  second  last  column 
indicates  a  certain  autonomy  for  some  systems,  being  cooled 
from  an  intermediate  dewar  ami  therefore  less  vulnerable  by 
short-term  interruptions  of  power  supply. 

Table  1  shows  that  of  a  total  of  SO  interruptions,  only  7 
were  due  to  malfunctioning  of  a  component  of  the  cryogenic 
system.  That  this  number  is  so  small  is  not  only  due  to  the 
quality  of  the  installations,  but  also  to  the  rapidity  and 
competence  of  the  operators  on  stand-by  duty,  who  were  called 
in  230  times  by  an  early  warning  of  the  automatic  alarm 
system,  and  who  cleared  the  situation  before  aggravation  led  to 
a  breakdown  of  the  system.  The  total  number  of  lost  hours 
for  accelerators  and  physics  experiments  was  117  (coincidence 
of  cryogenic  downtime  with  physics  data  taking),  from  which 
only  22  were  associated  with  cryogenic  equipment  failures. 
Regarding  the  61  000  normal  running  hours,  the  fault  rate 
was  about  1.9*1  O'3  for  all  stops  and  only  3.6-10*4  for  the 
stops  caused  by  cryogenic  equipment  failures.  The  high 
availability  of  the  cryoplants  is  essentially  due  to  the  careful 
preventive  maintenance  during  shutdowns  (Computer  Aided 
Maintenance  is  being  introduced  at  present),  and  the 
competence  of  the  operating  team. 

Reasons  for  the  interruptions  originating  in  the  cryogenic 
system  were  the  failure  of  a  24  V  power  supply  (including  its 
backup  unit),  process  software  crash,  failure  of  a  control  valve 
and  impurities  in  the  helium  cycle.  The  remaining 
43  interruptions  were  mostly  caused  by  interruption  of  water 
and  electric  power  supplies  and  by  perturbations  in  the 
communications  network.  Looking  at  these  figures,  it  appears 
to  be  good  policy  to  invest,  for  a  reduction  of  cryogenic 
downtime,  in  the  reliability  of  utilities. 


It  may  be  worthwhile  to  comment  on  this  point. 

It  is  a  characteristic  of  cryogenic  systems  that  immediate 
restart  after  utility  failure  is  possible  only  if  this  failure  is  of 
very  short  duration.  (Cryogenic  buffering,  e.g.  by  provision 
of  an  intermediate  liquid-helium  dewar  for  increased  tolerance 
against  perturbations,  as  mentioned,  is  possible  in  exceptional 
cases  only,  typically  when  the  load  is  of  a  nature  suitable  for 
cooling  in  liquefier  rather  than  refrigerator  mode  ).  In  most 
cases  the  time  required  to  restore  thermodynamic  equilibrium 
after  severe  perturbation  is  a  multiple  of  the  utility  downtime 
that  provoked  this  perturbation,  in  particular  if  a  large  and 
delicate  system  is  concerned,  e.g.  if  the  interruption  of  coding 
has  lead  to  the  quench  of  a  superconducting  magnet.  Even  if 
interruptions  of  utilities  cannot  be  excluded,  it  is  of  prime 
importance  to  keep  their  duration  as  short  as  possible  and  to 
make  arrangements  for  their  fastest  possible  restablishment, 
with  high  priority  of  cryogenics  versus  other  less  critical 
components. 
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Abstrmct 

A  periodic  variation  in  the  magnetic  field  along  die 
axiahaa  been  observed  in  both  quadnipoie  and  dipole  magneta 
made  from  auperconducting  cable.  This  oeriUatioo  is  present 
in  afi  components  of  the  field  and  has  a  wavelength  equal  to 
the  transposition  length  of  the  cable.  In  general  the  amplitude 
of  these  variations  htrrnsena  with  magnet  current  and  is  not 
reversible.  The  residual  field  pattern  at  zero  current  depends 
on  he  energizing  cycle  and  increases  with  time  spent  at  high 
field.  The  decay  of  the  oscillations  has  a  complex  time 
dependence  which  contains  some  extremely  long  time 
constants.  Unbalanced  currents  in  the  individual  strands  of 
the  cable  appear  to  cause  these  effects  and  the  field  variations 
can  only  be  completely  erased  by  raising  die  magnet  above  its 
critical  temperature. 

I.  INTRODUCTION 

Axial  field  oscillations  were  first  observed  in  die 
sextqpole  component  of  HERA  dipoles  in  1990.1*1  Similar 
variations  were  soon  observed  at  other  laboratories  and  it 
became  apparent  dial  such  patterns  are  present  in  the  field  of 
all  magnets  made  with  multistranded  conductor.  ^  Since 
these  field  variations  are  small  (typically  a  few  gauss)  they 
are  most  apparent  at  low  fields  mid  can  easily  be  seen  when 
dm  power  supply  is  turned  off  after  s  high  field  cycle  in 
which  die  current  has  been  maintained  at  the  peak  value  for 
several  minutes.  The  pattern  is  present  at  all  field  levels  and 
in  both  die  normal  and  skew  components  of  the  field. 

II.  FIELD  DEPENDENCE 

The  pleasuring  technique  used  to  investigate  the  axial 
oscillations  has  been  described  elsewhere.121  Most  of  the 
measurements  reported  in  this  paper  concentrate  on  the  first 
allowed  term;  sextupole  in  dipoles  and  duodecapole  in 
quadrupoles.  Figure  I  shows  the  normal  sextupole  field  for 
a  portion  of  dipole  DCA213,  a  full  length  SSC  prototype 
when  powered  at  7000  amps.  The  axial  variation  of 
approximately  10  gauss  peak  to  peak  is  much  larger  than  die 
nominal  aextupole  field  (~4  g)  and  many  times  larger  than 
die  magnetization  sextupole  (0.3  g)  at  this  field  (7  T). 
Similar  patterns  occur  in  quadrupoles,  the  variation  in  die 
duodecapole  component  along  die  axis  of  RH1C  quadrupole 
QRB003  is  shown  in  Fig.  2. 


The  amplitude  of  die  oecillations  increases  with 
current  lad  generally  is  not  reversible.  The  magnitude  of 
the  axial  variation  may  be  smaller  on  the  up-ramp  (Fig.  3)  or 
larger  (Fig.  4).  Similarly  when  the  magnet  is  maintained  at 
high  current  die  amplitude  may  increase  or  decrease  with 
time  (Fig.  5).  In  Fig.  4  the  magnet  was  held  at  6000  amps 
for  approximately  1  hour  while  the  amplitude  decayed.  The 
cycle  depicted  in  Fig.  3,  however,  did  not  have  a  similar 
waiting  period.  A  peek  to  peak  amplitude  of  approximaately 
2  gauss  was  present  at  zero  current  in  both  cases  due  to  the 
previous  history  of  the  magnets.  For  a  magnet  just  cooled 
into  the  superconducting  state  no  oecillations  would  be 
present  and  the  curves  of  Figs.  3  and  4  would  start  at  die 
origin.  Once  oecillations  have  been  established  they  can  only 
be  completely  eliminated  by  raising  die  magnet  windings 
above  their  critical  temperature.  The  difference  in  behavior 
exhibited  by  dipoles  211  and  213  does  not  seem  to  be  related 
to  any  obvious  magnet  parameter  since  they  were  constructed 
using  the  same  tooling  and  conductor  made  to  the  same 
specifications. 


Z— position  ,  cm 

Figure  1.  Oscillations  in  the  normal  sextupole  component 
of  the  field  of  SSC  dipole  DCA213  near  the  peak  field 
(7T). 
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Z-poaltlon,  cm 

Figure  2.  Oscillations  in  the  residual  12-pole  component 
of  RHIC  quadnipole  QRB003. 


Figure  5.  Time  evolution  of  the  sextupole  oscillation 
amplitude  at  6000  A  in  the  SSC  dipoles  DCA212  and 
DCA213. 


Figure  3.  Oscillation  amplitude  as  a  function  of  current 
for  SSC  dipole  DC  A211. 


Figure  4.  Oscillation  amplitude  as  a  function  of  current 
for  SSC  dipole  DCA213. 


IE.  EFFECT  OF  LOCAL  HEATING 

Some  of  die  magnets  examined  were  provided  with 
spot  heaters  used  to  initiate  normal  nones  for  coil  protection 
studies.  One  of  these  heaters  was  used  to  see  if  die  axial 
field  pattern  could  be  altered  by  pulsing  die  heater  without 
quenching  die  magnet.  Dipole  DCA211  was  powered  to 
5000  A  and  the  heater  energized  to  progressively  higher 
values  while  scanning  die  region  on  either  side  of  heater 
location.  No  changes  in  the  pattern  were  observed  at  any 
power  level  below  that  which  provoked  a  quench.  This 
experiment  was  repeated  with  die  magnet  at  25  A  but  with  a 
large  field  oscillation  present  due  to  an  earlier  excursion  to 
high  field.  Since  the  pulse  power  supply  was  not  capable  of 
producing  a  normal  zone  at  this  low  field  level  it  was 
replaced  with  a  dc  source.  The  heater  current  was  increased 
in  one  amp  increments  while  scanning  the  region  one  half 
meter  on  either  side  of  the  heater.  No  change  was  observed 
until  the  heater  current  reached  10  Amps  where  the 
amplitude  increased  significantly  as  shown  in  Fig.  6.  This 
change  occurred  almost  instantly  and  over  the  whole  region 
of  the  scan.  No  further  change  was  observed  with  the  heater 
continuously  powered  on  turned  off.  This  increase  of  almost 
50%  in  the  oscillation  amplitude  decayed  back  to 
approximately  the  original  level  in  about  two  hours.  When 
die  heater  current  was  later  increased  to  12  Amps  another 
significant  jump  of  70%  occurred  in  the  sextupole  oscillation 
amplitude.  Unfortunately  higher  heater  currents  were  not 
possible  due  to  limitations  in  the  wiring  which  was  originally 
only  intended  for  pulsed  operation. 

One  of  the  1.8  meter  model  SSC  dipoles  DRSK19 
was  equipped  with  heaters  on  its  leads  at  the  point  where 
they  enter  the  body  of  the  windings.  When  these  heaters 
were  powered  they  modified  the  residual  dipole  pattern  as 
shown  in  Fig.  7.  hi  this  case  the  amplitude  was  dramatically 
reduced  and  the  average  value  of  the  residual  field  increased. 
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Figure  i.  Sextupole  oscillations  in  DCA211  before  and 
after  powering  the  mid-plane  spot  heater  located  at  25  cm. 


Z-position  ,  cm 


Figure  7.  Oscillations  in  the  remnant  dipole  field  of 
magnet  DRSK19  before  and  after  powering  the  lead 


IV.  DISCUSSION  AND  CONCLUSIONS 

The  fact  that  field  oscillations  are  present  as  soon  as 
the  magnet  is  energized  and  increase  with  current  implies 
large  unbalanced  currents  in  the  strands  of  the  cable.  A 
possible  mechanism  for  such  periodic  currents  has  been 
described  by  A.A.  Akhmetov.141  The  unusual  increase  in 
amplitude  observed  in  the  spot  heater  experiments  suggests 
that  the  oscillation  pattern  is  the  sum  of  contributions  from 
different  portions  of  the  magnet  and  that  the  unbalanced 
currents  in  a  specific  length  of  conductor  can  be  damped  out 
by  inducing  a  small  normal  zone.  Standing  waves  in  each 
half  turn  reflecting  from  the  ends  of  the  magnet  might  explain 
the  experimental  observations.  When  the  spot  heater  raises 
a  small  region  of  the  cable  above  the  transition  temperature 


the  current  in  that  half  turn  dies  out  leading  in  this  case  to  an 
increase  in  the  oscillation  amplitude.  Higher  heater  power  is 
required  to  quench  a  similar  region  in  die  next  turn  and 
produce  a  further  change  in  the  amplitude.  Presumably  spot 
heaters  at  other  locations  in  die  winding  would  produce  the 
opposite  effect  and  reduce  the  oscillation  strength.  It  is  not 
obvious  why  such  «r«wtmg  wave  patterns  should  have  the 
very  long  time  constants  observed  in  these  experiments™ 
which  imply  an  extremely  low  effective  resistance  between 
strands. 

The  time  evolution  and  the  magnitude  of  the 
oscillations  were  also  found  to  be  dependent  on  the  ramp  rate 
used  to  power  die  magnets.  Measurements  are  underway  to 
try  to  understand  the  nature  of  this  ramp  rate  dependence. 
The  results  of  this  study  will  be  reported  in  die  near  future. 

The  measurements  of  oscillating  fields  performed  to 
date  are  on  prototype  dipoles  developed  for  various 
accelerator  projects  and  as  such  must  be  done  in  the  time 
available  between  quench  testing  and  the  more  conventional 
magnetic  measurements.  Parasitic  measurements  are  always 
limited  by  time  considerations  resulting  in  a  somewhat 
confusing  mixture  of  data  from  different  magnets.  A 
complete  understanding  of  the  exact  nature  of  the  current 
patterns  producing  these  axial  variations  will  probably 
require  the  construction  of  special  dipoles  equipped  with 
internal  beaters  and  voltage  taps  and  dedicated  to  resolving 
die  many  loose  ends  in  the  present  understanding  of  this 
phenomenon. 
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Abstract 

The  ultimate  luminosity  performance  of  the  Rela¬ 
tivistic  Heavy  Ion  Collider  (RHIC)  depends  on  the  field 
quality  in  the  large  aperture  (130  mm)  superconducting 
quadrupoles  in  the  interaction  regions1’3.  In  this  paper  we 
discuss  the  design  features  that  are  incorporated  to  obtain 
a  good  field  quality.  Coil  midplane  gap  and  pole  shims 
may  be  adjusted  to  remove  certain  field  harmonics  due  to 
systematic  errors  in  construction.  Iron  tuning  shims  will 
be  inserted  at  eight  strategic  locations  in  the  assembled 
magnets  to  correct  the  measured  values  of  harmonics  in 
each  magnet.  The  performance  of  two  prototype  magnets 
and  upgrades  under  consideration  will  be  discussed. 

I.  INTRODUCTION 

A  total  of  seventy  two  130  mm  aperture  quadrupoles 
will  be  used  in  24  focusing  triplets  in  six  interaction 
regions.  The  parameters  of  these  quadrupoles  (Ql,  Q2 
and  Q3)  are  shown  in  table  1.  The  beam  will  be 
squeezed  to  the  smallest  possible  sise  (/3*=1)  at  the 
crossing  point  in  the  two  low-beta  interaction  regions  to 
obtain  the  highest  possible  luminosity.  An  unavoidable 
consequence  of  that  squeesing  is  the  increase  in  the  beam 
sise  in  these  quadrupoles.  Moreover,  a  rapid  variation 
in  the  beam  sise  within  the  focusing  triplet  limits  the 
effectiveness  of  the  local  and  .  lumped  global  corrector 
system3.  Therefore,  good  field  quality  large  aperture 
quadrupoles  in  the  interaction  regions  are  crucial  to  beam 
life  during  the  high  luminosity  operation  of  RHIC.  Since 
the  maximum  luminosity  is  desired  at  the  top  energy,  the 
field  errors  will  be  minimised  at  the  maximum  operating 
gradient. 

In  quadrupoles,  the  skew  (an)  and  normal  (6n)  field 
harmonics  in  prime  units  are  defined  as  follows  : 

s,+i®,  =  io-cx  *£;[»;+*:]  [i±*r 

n=0  L 

where  Bx  and  Bt  are  the  field  components  at  (x,  y),  G 
is  the  gradient  at  the  center  of  the  quadrupole  and  R  is 
the  reference  radius,  chosen  as  40  mm  for  these  magnets. 

II.  BASIC  CONSTRUCTION 

In  the  design  of  these  quadrupoles,  the  yoke  also  acts 
as  a  collar.  A  8.35  mm  thick  stainless  steel  shell  is  welded 
after  the  collaring  keys  are  inserted  in  the  compressed 
yoke.  The  space  between  the  coil  and  yoke  is  taken  by 
a  thin  glass  filled  phenolic  spacer.  The  magnet  contains 
constant  perimeter  ends  in  which  the  turns  are  uniformly 
distributed.  The  two  Ql  quadrupoles  of  the  inner  and 
outer  rings  will  share  a  common  cryostat. 

*Work  supported  by  U.S.  Department  of  Energy. 
0-7803-1203- 1/93303.00  C  1993  IEEE 


Figure  1:  Cross  section  of  the  130  mm  quadrupoles  for 
RHIC  interaction  region. 

Table  1:  The  basic  design  parameters  of  the  large 
aperture  quadrupoles  for  RHIC  interaction  regions. 


Parameter  Value 

Superconducting  wire  diameter  0.65  mm 

Number  of  wires  per  cable .  36 

Copper  to  superconductor  ratio  1.8 

Cable  mid-thickness/width _  1.16/11.7  mm 

Cable  insulation .  Kapton  Ci 

Critical  current  at  5.6T,  4.2°K  >10100  A 

Number  of  turns  per  pole .  27 

Coil  inner  diameter .  130  mm 

Coil  outer  diameter  .  154  mm 

Yoke  lamination  thickness  .  6.35  mm 

Yoke  inner  radius  at  midplane  .  87  mm 

Yoke  inner  radius  at  pole .  92  mm 

Yoke  outer  diameter .  350.5  mm 

Magnetic  length,  Ql,  Q2,  Q3  ..  1.44,  3.4,  2.1  m 

Min.  beam  spacing  in  triplet  . .  424  mm 

Design  current  .  5.0  kA 

Design  gradient  .  48.1  T/m 

Operating  temperature  .  4.6°  K 

Computed  quench  gradient  ....  75.3  T/m 

Field  margin  .  57% 
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III.  CROSS  SECTION 

The  quadrupole  cross  section  is  shown  in  Fig  1.  The 
coil  has  a  total  of  27  turns  per  octant  in  three  blocks.  The 
coil  midplane  gap  has  been  increased  from  a  minimum  0.1 
mm  to  0.2  mm  in  the  iterated  cross  section.  Any  change 
in  coil  sise  in  production  magnets  will  be  accommodated 
by  changing  the  midplane  gap  by  about  40%  of  that 
amount  and  the  pole  shim  by  about  60%.  This  would 
result  in  the  same  pre-compression  and  the  same  65.  In 
addition,  a  variation  in  midplane  gap  and  a  variation 
in  pole  shim  sise  provides  a  simple  but  powerful  tool  for 
tuning  the  field  harmonics  in  production  magnets  without 
changing  the  basic  coil  cross  section. 

In  cosine  8  magnets,  the  iron  aperture  is  circular. 
However,  in  order  to  reduce  b'6  saturation  we  have  de¬ 
signed  a  yoke  where  the  aperture  is  defined  by  two  radii 
-  87  mm  at  the  midplane  and  92  mm  at  the  pole.  This 
has  been  very  effective  in  reducing  the  b5  saturation  from 
IS  to  1  unit.  It  forces  an  early  saturation  at  the  yoke 
midplane  and  delays/reduces  at  the  pole. 

There  is  a  phenolic  spacer  between  the  coil  outer 
diameter  and  yoke  inner  diameter  having  a  width  of  10 
mm  at  the  midplane  and  15  mm  at  the  pole.  However, 
there  are  eight  places  where  there  is  a  ~7mm  wide  space 
between  the  spacer  and  the  yoke.  These  spaces  will  be 
used  for  accommodating  the  magnetic  tuning  shims,  as 
shown  in  Fig.  1.  The  other  holes  and  cutouts  in  the 
yoke  have  been  placed  such  that  the  symmetry  breaking 
harmonics  are  less  than  0.1  unit  in  the  design  range  of 
operation.  The  cross  talk  induced  harmonics  (by  the 
quadrupole  in  the  other  ring)  are  also  less  than  0.1  unit. 

IV.  SHIMMING 

The  random  errors  in  harmonics  are  primarily  deter¬ 
mined  by  the  limits  in  the  accuracy  of  the  parts  and  the 
process  used  in  manufacturing  the  superconducting  mag¬ 
nets.  To  overcome  these  limitations,  we  have  developed 
a  method  of  shimming.  The  basic  principle  of  this  is  to 
insert  the  iron  shims  in  the  eight  suitable  locations  be¬ 
tween  the  phenolic  spacer  outer  radius  and  the  yoke  inner 
radius  to  reduce  the  measured  harmonics.  The  approxi¬ 
mate  angular  location  of  shim  No.  1  is  30°,  No.  2  is  60°, 
No.  3  is  120°,  etc.,  as  shown  in  Fig.  1.  Since  the  har¬ 
monics  will  be  corrected  magnet  by  magnet,  the  method 
will  also  reduce  any  systematic  value,  if  present. 

Methods  based  on  the  same  general  principle  have 
been  used  before  in  conventional  magnets.  It  is  more  com¬ 
plicated  in  superconducting  magnets  because  (a)  there  is 
usually  no  access  to  the  iron  aperture  and  (b)  when  the 
magnet  is  opened  and  assembled  again  the  harmonics  are 
not  reproduced  at  the  desired  level.  However,  the  design 
of  the  RHIC  large  aperture  quadrupoles  is  such  that  the 
eight  iron  shims  can  be  inserted  easily  without  opening 
the  magnet  after  the  magnetic  measurements  are  per¬ 
formed.  The  actual  shim  package  will  always  be  molded 
to  the  same  thickness  but  a  part  of  it  will  be  made  of 
magnetic  steel  (laminated  and  insulated)  and  the  rest  will 
be  made  of  the  non-magnetic  material  brass. 


The  maximum  space  available  for  the  magnetic  tun¬ 
ing  shim  is  ~6.6  mm.  The  nominal  design  has  3.3  mm 
of  magnetic  and  3.3  mm  of  non-magnetic  material.  All 
changes  in  shim  sise  will  be  made  relative  to  the  nominal 
3.3  mm  of  magnetic  material.  In  table  2,  we  have  list¬ 
ed  the  maximum  amount  of  correction  possible  in  each 
harmonic  with  +1  mm  and/or  -1  mm  relative  change  in 
shim.  The  locations  which  produce  a  maximum  positive 
value  for  each  harmonic  for  this  relative  change  is  also 
shown.  Some  of  the  harmonics  listed  in  table  2  are  cou¬ 
pled  to  each  other,  e.g.  63  and  b'7  (in  general,  harmonics 
2n+ 1  and  2n+5  with  n=0,l,2,...).  This  means  that  if  S3 
is  changed,  b7  will  also  change  according  to  the  b‘3/b'7  ra¬ 
tio  given  in  table  2.  Therefore,  the  eight  shims  can  not  be 
used  to  make  any  arbitrary  eight  harmonics  sero.  But  the 
correction  in  the  “skew  and  normal”  harmonics  and  in  the 
“ odd  and  even"  harmonics  are  orthogonal  to  each  other. 
Therefore,  one  can  still  make  the  desired  eight  harmonics 
(a3,a3,a4,a5  and  S3,S3,S4,S5)  independently  sero.  Since 
adequate  space  for  shimming  is  available,  the  correction 
will  only  be  limited  by  the  acceptance  in  the  higher  order 
harmonics  generated  in  the  process. 

A  computer  program  SHIMCAL  has  been  written 
to  compute  the  values  of  eight  shims  to  minimise  an 
error  function  consisting  of  measured  and  desired  values 
of  field  harmonics.  The  harmonics  will  be  corrected  for 
the  top  energy  operation;  at  injection  there  will  be  about 
10%  over-correction  to  account  for  the  loss  due  to  iron 
saturation.  In  mass  production,  the  correction  will  be 
based  on  warm  measurements.  However,  a  warm  to  cold 
(5  kA)  correlation  will  be  developed  in  the  beginning. 


Table  2:  Maximum  change  possible  by  +1  mm  and/or 
-1  mm  relative  change  in  shim  size  at  the  given  locations 
at  5.0  kA.  Shim  locations  1,2,  etc.  are  shown  in  Fig  1. 


+1/-1  mm 
locations 

Change 

(Units) 

+1/-1  mm 
locations 

Change 

(Units) 

*0 

1234/5678 

18.64 

bo 

1278/3456 

18.64 

«1 

1357/2468 

8.37 

b\ 

All/None 

22.50 

- J- 

a2 

5678/1234 

9.85 

b'2 

1278/3456 

9.85 

i 

03 

3478/1256 

7.37 

*3 

1458/2367 

6.36 

1 

a4 

2358/1467 

2.99 

*4 

1368/2457 

2.99 

l 

“5 

2468/1357 

2.52 

b'5 

None/ All 

1.22 

1 

“6 

2358/1467 

1.0 

b'e 

2457/1368 

1.0 

1 

07 

1256/3478 

0.04 

b\ 

2367/1458 

0.72 

■  V 
<*8 

1467/2358 

0.25 

b's 

2457/1368 

0.25 

°9 

1357/2468 

0.16 

b’9 

None/All 

0.08 

V.  MEASUREMENTS,  ANALYSIS 
AND  UPGRADES 

The  quench  performance  of  the  two  pre-production 
quadrupoles  QRI001  and  QRI002  is  shown  in  Fig  2.  The 
first  quench  occurs  at  28%  above  the  maximum  operating 
current.  Though  not  critical  to  the  machine  operation,  the 
quench  performance  is  expected  to  improve  significantly 
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Figure  2t  Quench  performance  of  the  pre-production 
quadrupoles  QRI001  and  QRI002. 


in  QRI002  rebuild  and  in  production  magnet*  when  the 
pole  lead,  just  coming  out  of  the  straight  section,  is  solder 
filled  and  thus  better  supported. 

The  asimuthal  stress  on  the  coil  has  been  measured 
at  all  eight  pole  locations.  The  average  stress  was  10.5 
kpsi  (72.3  MPa)  at  room  temperature.  A  significantly 
higher  (3  kpsi)  stress  has  been  observed  in  the  four  strain 
gauges  located  nearest  to  the  horisontal  plane.  After  the 
cool  down  the  average  stress  was  3.3,  2.1  and  1.5  kpsi  at  a 
current  of  0,  5  and  6.6  kA;  the  asymmetry  in  stress  data 
persisted.  The  ends  were  pre-loaded  by  a  varying  amount 
in  two  magnets  and  in  a  rebuild  of  QRI002;  no  unusual 
behavior  was  noted. 

In  table  3,  we  have  given  the  average  values  of  mea¬ 
sured  harmonics  in  QRI001  and  QRI002.  The  harmonics 
in  the  two  magnets  were  quite  close  to  each  other.  The 
body  (straight  section),  lead  end  and  return  end  harmon¬ 
ics  are  derived  from  the  measurements  at  several  locations 
with  a  0.229  meter  long  measuring  coil.  For  computing 
integral  harmonics  (in  units),  the  end  harmonics  must  be 
divided  by  the  magnetic  length  of  Ql,  Q2  and  Q3  before 
adding  to  the  body  harmonics  in  table  3.  The  presence 
of  a  large  63  in  the  body  will  be  discussed  later.  The 
non-sero  fc5  and  b9  in  the  body  are  due  to  a  change  in  the 
insulated  cable  thickness  after  the  design.  The  cross  sec¬ 
tion  has  been  iterated  to  reduce  these  harmonics  for  the 
production  magnets.  The  large  a5  and  i5  in  the  lead  end 
are  caused  by  eight  —0.2  meter  long  leads  connecting  the 
four  coils.  A  new  lead  design  is  expected  to  reduce  most 
of  these  harmonics  by  a  factor  of  three.  A  current  de¬ 
pendence  due  to  iron  saturation  has  been  observed  in  the 
allowed  quadrupole  harmonics.  The  difference  between  2 
kA  and  5  kA  is  -0.47%  in  transfer  function  (G/J),  0.3 
unit  in  b'5  and  0.2  unit  in  b9.  A  small  value  in  bs  satu¬ 
ration  means  that  the  two  radii  method  for  reducing  iron 
saturation  in  quadrupoles  has  worked  well. 


Table  St  Average  values  of  the  measured  field  harmonics 
in  the  two  pre-production  magnets  QRI001  and  QRI002 
in  the  body  (see  text),  lead  end  and  return  end. 


1 

Body 

Lead 

end 

Return 

end 

Body 

Lead 

end 

Return 

end 

■ 

units 

units 

units 

n 

units 

units 

units 

■ 

xm 

xm 

xm 

xm 

E 

0.09 

-2.51 

1.44 

*2 

0.51 

-0.10 

0.33 

9 

0.36 

0.08 

9 

6.89 

-0.29 

-0.10 

m 

KO 

0.13 

0.23 

*4 

0.30 

0.13 

0.04 

9 

1231 

-4.92 

-0.08 

9 

7.02 

8.44 

1.45 

9 

EZ23 

IjJjJ 

EES 

9 

0.04 

0.01 

0.05 

9 

Esa 

Emu 

mm 

9 

0.03 

0.04 

0.01 

9 

mm\ 

-0.01 

-0.01 

*s 

-0.03 

0.04 

0.02 

9 

mm 

EJ3B 

9 

The  actual  position  of  the  wires  in  the  assembled 
magnet  was  measured  by  a  coordinate  measuring  machine 
from  a  cross  sectional  slice  cut  from  the  magnet  QRI001. 
The  analysis  shows  that  the  centers  of  the  upper  and 
lower  coil  halves  were  away  from  the  horisontal  axis  by 
—0.25  mm.  The  coils  were  bent  inward  by  about  the 
same  amount  in  the  horisontal  plane.  Analysis  of  the 
yoke  inner  surface  shows  a  similar  behavior.  The  bending 
is  thought  to  be  the  result  of  applying  compression  on 
the  coils  through  the  yoke  loading  flat.  The  quadrupole 
symmetry  is  broken  by  this  deformation,  and  a  positive 
63  is  created.  A  similar  63  has  been  observed  in  the  80 
mm  aperture  RHIC  arc  quadrupoles  based  on  a  similar 
design.  This  b3  was  successfully  reduced  to  a  small  value 
in  those  quadrupoles  by  using  an  asymmetric  midplane 
gap  between  the  horisontal  and  vertical  plane.  However, 
in  these  quadrupoles,  we  can  also  use  the  magnetic  tuning 
shims.  A  final  choice,  or  a  combination  of  the  two,  would 
depend  on  which  scheme  produces  a  smaller  b7. 

VI.  CONCLUSIONS 

The  field  quality  in  superconducting  magnets  can  be 
significantly  improved  by  using  the  techniques  described 
in  this  paper.  The  magnetic  tuning  shims  can  be  used 
to  correct  a  number  of  harmonics  after  the  field  mea¬ 
surements  without  opening  the  magnet.  The  midplane 
gap  and  pole  shims  can  be  used  to  control  the  field  har¬ 
monics  in  addition  to  accommodating  the  variations  in 
coil  sises.  These  techniques  are  specialty  suited  for  the 
interaction  region  quadrupoles  where  a  few  magnets  basi¬ 
cally  determine  the  ultimate  luminosity  performance  of 
the  machine. 
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Abstract 

The  detailed  design  for  the  construction  of  the  02/03 
quadrupoie  magnets  for  CEBAPs  Hall  A  High 
Resolution  Spectrometers  is  presented.  The 
quadnjpoies  have  a  warm  bore  diameter  of  600  mm 
and  a  cryostat  length  of  3  m.  The  quadrupoie  coil  will 
be  wound  from  a  cable  conductor  carrying  a  current  of 
1850  A,  the  field  gradient  is  3.5  T/m.  A  set  of  eight 
superconducting  multipoie  coils  is  positioned  in  the 
helium  vessel  within  the  bore  of  the  main  coil.  Each 
multipole  coll  is  supplied  by  a  separate  current  lead. 
The  cold  mass  is  suspended  by  eight  support  rods  of 
Titanium,  sized  for  a  static  load  of  3  g 
omnidirectionally,  which  are  fixed  at  the  iron  yoke 
tube  sourrounding  the  magnet  cryostat  Cold 
alignment  of  the  quadrupoie  coil  relative  to  the  iron 
yoke  is  possible  via  these  supports.  The  detailed 
design  of  the  quadrupoie  coil,  the  multipole  coils,  the 
current  leads,  the  cryostat  and  of  the  iron  yoke  is 
described. 

1.  Introduction 

The  Continuous  Electron  Beam  Accelerator 
Facility  (CEBAF)  at  Newport  News,  Va.  will  perform 
the  experiments  within  three  experimental  halls.  In 
Had  A  two  High  Resolution  Spectrometers  are  to  be 
installed.  Each  spectrometer  consists  of  one  small 
quadrupoie  (Ql)  magnet  and  two  bigger  quadrupoie 
magnets  of  identical  design,  one  before  (02)  and  one 
behind  (03)  a  45°  dipole  magnet 

In  November  1991  Siemens  got  the  order  from 
CEBAF  for  designing,  building  and  testing  the  four 
02/03  quadrupoie  magnets. 

After  a  period  of  10  months  for  the  detailed 
engineering  the  design  was  finished.  In  chapter  3  and 
4  the  design  of  the  quadrupoie  coil  and  toe  multipole 
coils,  respectively  is  described.  The  current  leads  are 
described  in  chapter  4.  In  chapter  5  toe  main  features 
of  the  iron  yoke  surrounding  the  cryostat  are  given. 
The  design  of  the  cryostat  and  its  components  are 
described  in  chapter  6. 

2.  Main  Parameters  and  Specifications 

The  coils  and  the  cryostat  of  quadrupoie  magnets 
were  designed  according  to  the  specifications  given 


by  CEBAF  [1].  The  mam  parameters  are  given  in 
Table.  1: 


Table  1 :  Main  Parameters  and  Characteristics 


Magnet 

•  Length  of  quadrupoie  coil 

232  cm 

•  Magnetic  length 

180  cm 

•  Quadrupoie  field  gradient 

3.5  T/m 

•  Quadrupoie  gradient  unformity 

1  x  10-3 

•  Operating  current 

1.85  kA 

•  Stored  energy 

592  kJ 

•  Peak  field  of  main  coil 

2.5  T 

•  Superconducting  correction  (2) 
and  multipole  (6)  coils 
max.  operating  current 

100  A 

•  Weight  of  cold  mass 

2.7 1 

Cryostat 

•  Diameter  of  warm  bore 

60  cm 

•  Length 

295  cm 

•  Outer  diameter 

115cm 

•  Height 

284  cm 

Iron  Yoke: 

•  Outer  diameter 

150  cm 

•  Wall  thickness 

17.5  cm 

•  Weight  approx. 

lOt 

3.  Design  of  the  Quadrupoie  Coil 


One  eights  of  the  cross  section  of  the  quadrupoie 
coil  is  shown  in  Figure  1  which  is  composed  of  two 
layers  without  a  splice.  Figure  2  shows  a  top  view  of 
the  coil  ends  of  a  single  coil. 

The  coils  are  wound  from  a  cable  conductor  with 
30  strands  and  a  cross  section  of  1 .64  mm  x  14.7  mm 
wrapped  with  Kapton  of  a  total  thickness  of  0.1  mm 
and  a  0.1  mm  thick  layer  of  glass  fabric.  The 
conductor  is  would  around  a  center  post  of  stainless 
steel.  The  three  sections  of  each  layer  are  separated 
by  copper  keys  in  toe  straight  part  and  3D  shaped 
copper  spacers  in  toe  end  regions  where  additional 
spacer  of  G10  material  will  be  provided.  The  head 
blocks  are  of  copper. 
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After  assembling  the  four  single  coils  on  a  mandrel 
foe  quadrupoie  coil  wi  be  wrapped  with  a  bandage  of 
epoxy  with  annular  channels  left  for  better  helium 
transparency  to  the  coil.  The  coil  assembly  will  be 
surrounded  by  a  tube  of  aluminium  sh linked  onto  it  It 
is  designed  for  a  SO  MPa  prestress  in  the  coil  at  liquid 
helium  temperature.  The  thickness  of  63  mm  of  the 
aluminium  tube  guarantees  an  undrcularity  resulting 
from  the  Loren tz  forces  of  not  bigger  than  ±  0.15  mm. 
The  circularity  for  the  manufacture  and  assembly  of 
foe  quadrupoie  coil  is  tolerated  with  ±  0.25  mm. 

At  both  ends  of  the  quadrupoie  coils  flanges  of 
Aluminium  bound  to  the  Al  tube  provide  for  an  axial 
boundary. 

4.  Correction  and  Multipole  Coils 

A  set  of  eight  superconducting  correction  and 
multipole  coils  will  be  installed  on  the  inner  tube  of  the 
helium  vessel.  They  all  are  wound  on  G10  plates  with 
a  winding  core  from  a  0.9  mm  thick  wire  capable  of 
carrying  a  current  of  125  A.  The  inner  correction  coils 
(sextupole,  octupole)  are  composed  of  two  layers,  the 
six  muttipoie  coils  consist  only  of  one  layer.  In  order  to 
save  space  in  radial  direction  the  splices  are 
positioned  in  foe  end  regions,  therefore,  the  coils  are 
designed  for  different  lenghts.  The  radial  thickness  of 
foe  total  set  of  coils  is  25  mm. 

5.  Current  Leads 

The  current  lead  for  the  quadrupoie  coil  are  gas 
cooled  and  designed  for  a  current  of  2  kA.  The  poles 
are  connected  to  the  leads  of  the  quadrupoie  coil  via 
flexible  copper  tapes  in  order  to  compensate  an  axial 
motion  of  4  mm  of  the  coil  relative  to  the  current  lead 
which  are  chosen  to  be  fixed  at  the  head  of  cryostat 
tower  for  reasons  of  helium  tightness  at  the 
feedthrough. 

The  16  leads  of  the  correction  and  multipoie  coils 
are  each  coupled  to  an  bundle  of  insulated  brass 
wires.  They  are  altogether  thigtly  bundled  and  guided 
through  a  tube  and  cooled  by  gaseous  Helium.  At  the 
top  of  this  tube  the  leads  are  separated  and 
connected  with  the  feedthroughs. 

The  arrangement  of  the  current  leads  can  be  seen 
from  the  cross  section  of  the  cryostat  tower  in  Figure 
3. 

6.  Iron  Yoke 

The  iron  yoke  is  made  from  AISI  1006  steel 
according  to  the  magnetic  material  requirement  of  [1]. 
It  is  composed  of  two  halve  shells  and  bears  the 
vacuum  vessel  of  the  cryostat  It  supports  the  cold 
mass  via  eight  cold-towarm  sunports  with  titanium 
rods  which  are  fastened  to  the  iron  yoke  via  a  support 
structure,  see  Figure  4  and  5.  It  is  the  geometrical 


reference  system  for  the  alignment  of  the  quadrupoie 
coil. 

7.  Cryostat 

A  general  requirement  from  [1]  for  the  design  of 
the  cryostat  was  to  design  for  a  3  g  omnidrectionally 
mechanical  load. 

In  order  to  avoid  unacceptable  mechanical 
deformations  or  high  costs  for  the  vacuum  vessel  the 
concept  of  suspending  the  cold  mass  at  the  iron  yoke 
was  chosen. 

The  width  of  the  vacuum  vessel  tower  is  nearly  of 
the  same  size  as  the  diameter  of  the  vacuum  vessel 
in  order  to  have  enough  space  for  the  current  leads, 
for  four  cold  valves  with  actuators,  a  liquid  nitrogen 
vessel  for  the  shield  cooling,  and  the  corresponding 
piping  for  the  cryogenic  helium  and  nitrogen  supplies, 
see  Figures  3  through  5. 

The  cryostat  was  designed  for  the  required  heat 
load  limit  [1]  of  20  W  at  4  K. 

The  radiation  shield  is  made  of  copper  and  cooled 
by  liquid  nitrogen.  Liquid  level  sensors  for  helium  and 
nitrogen  are  provided. 

At  both  ends  of  the  vacuum  vessel  flanges  for  the 
vacuum  beam  line  are  integrated. 

8.  Conclusion 

The  design  of  the  Q2/Q3  quadrupoie  magnets  was 
performed  according  to  the  global  requirements  of  [1]. 
These  implied  a  high  challange  for  the  manufacturing 
design  of  the  quadrupoie  coils  and  for  the  mechanical 
design  of  the  cryostat  under  cost  saving  aspects  and 
with  respect  to  the  complexity  of  the  electrical  and 
cryogenic  supply,  especially  under  restricted 
geometrical  boundaries  in  the  axial  direction. 
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Figure  1: 

Cross  section 
of  quadrupote  coil 
(eights  part) 

Figure  2. 

Top  view  of  quadrupote 
coil  ends 

Figure  3: 

Cross  section  of 
cryostat  tower 

Figure  4: 

Front  view  of  Q2A33 
quadrupote  magnet 

Figure  5: 

Longitudinal  section 
of  Q2/03  quadrupote 
magnet 
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Abstract 

The  physical  engineering  design  of  a  7.5  Tesla  supercon¬ 
ducting  wiggler  for  the  PLS  is  described.  The  design  is 
based  on  three  parallel  superconducting  dipoles.  The  field 
is  produced  by  six  racetrack  NbTi-coils  assembled  symmet¬ 
rically  above  and  below  the  vacuum  chamber.  The  current 
density  for  the  central  pole  was  chosen  to  obtain  optimal 
field-current  characteristics  within  the  conductor  packages. 
The  use  of  iron  poles  ami  return  yokes  makes  it  possible  to 
produce  higher  fields  than  the  corresponding  values  when 
no  iron  is  used. 

I  Introduction 

A  strong  field  wiggler  (wavelength  shifter)  will  be  installed 
in  a  straight  section  of  the  Pohang  Light  source  (PLS)  a- 
torage  ring  power  [1]  to  enhance  the  performance  of  the 
machine  for  short  wavelength  users  and  to  provide  new 
possibilities  for  SR  experiments.  The  wiggler  is  not  one 
of  the  main  elements  of  the  lattice  and  does  not  reduce 
the  reliability  of  the  machine.  However,  lattice  matching 
and  compensation  of  wiggler  effects  on  the  electron  beam 
dynamics  are  needed. 

A  superconducting  wiggler  is  under  construction  now  at 
the  Budker  Institute  of  Nuclear  Physics  (BINP],  Russia  and 
will  be  delivered  to  PLS  at  the  end  of  1994,  which  is  also 
the  expected  completion  date  for  the  PLS. 

In  this  article,  the  design  of  the  Superconducting  Wiggler 
and  the  radiation  properties  of  the  wiggler  will  be  briefly 
presented. 

II  Wiggler  Design 

A  view  of  the  three-pole  wiggler  is  presented  in  Figure  1. 
The  wiggler  design  is  based  on  three  parallel  superconduct¬ 
ing  dipoles.  The  magnetic  field  is  produced  by  six  racetrack 
NbTi-coils  assembled  symmetrically  above  and  below  the 
vacuum  chamber.  The  conductor  is  insulated  with  Kapton 
film,  and  the  completed  coils  will  be  impregnated  with  e- 
poxy  resin.  The  two  central  coil  packages  are  split  into  two 

•Work  supported  !>y  Ministry  of  Science  and  Technology,  Hyundai 
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Figure  1:  General  view  of  the  Superconducting  Wiggler 

separate  coils.  The  current  density  in  each  of  the  coils  was 
chosen  to  obtain  optimal  field-current  characteristics. 

The  iron  poles  and  yoke  surround  the  coils,  providing  a 
flux  path,  and  supporting  the  coils.  The  use  of  iron  poles 
and  yokes  makes  it  possible  to  produce  a  higher  field  than 
is  possible  for  similar  geometries  when  no  iron  is  used.  In 
addition,  the  outer  poles  act  as  the  mechanical  restraint 
to  the  very  large  magnetic  forces  generated  by  the  main 
pole  coils.  The  non-magnetic  stainless  steel  slab  located 
between  the  upper  and  lower  wiggler  halves  is  simultane¬ 
ously  a  part  of  the  helium  vessel  and  a  support  for  the 
halves. 

The  magnetic  field  of  the  wiggler  magnet  was  calculat¬ 
ed  with  the  MERMAID  code  developed  at  BINP.  [2]  The 
flux  distribution  is  shown  in  Figure  2.  The  distribution  of 
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wm 


Maximum  field  ou  beam  axis 

Central  pole  (T) 

7.5 

Outer  poles  (T) 

-1.7 

Pole  gap  (mm) 

40 

Vert,  gap  of  the  vacuum  chamber  (mm) 

24 

Horis.  gap  of  the  vacuum  chamber  (mm) 

100 

Stored  energy  (kJ) 

150 

Total  weight  of  cooled  parts  (Kg) 

-  1000 

Table  1:  Main  parameters  of  the  7.5  T  wiggler 


■  J  U 


Diameter 

Ratio  of  Cu.NbTi 
No.  of  NbTi  filament 
Critical  Current 


1  -  17.0  KA/cn*  3  -  15  8  KA/cn*  5  -  35  8  KA/cn* 

2  -  ?9!  KA/cn*  A  -  £9  6  KA/cn* 


Table  2:  Properties  of  the  superconducting  wire 


Figure  2:  Magnetic  (lux  distribution  and  overall  current 
densities  for  each  coil  region 

the  magnetic  field  along  the  wiggler  axis  is  presented  in 
Figure  3.  The  maximum  central  field  is  7.5  Tesla  and  the 
flux  density  along  the  side  poles  is  about  -1.7  Tesla.  Cal¬ 
culated  beam  trajectories  are  also  plotted  in  Figure  3.  The 
maximum  deviation  from  the  equilibrium  orbit  is  approx¬ 
imately  15  mm  and  the  maximum  slope  of  the  trajectory 
is  65  inrad,  or  about  3.8°.  The  main  parameters  of  the 
wiggler  are  summarized  in  'table  1. 

For  the  central  pole  coils  and  the  side  pole  coils,  two 
high  stability  power  supply  units  are  used.  Referring  to 
Figure  2,  ([toil  I  and  Coil  3  are  connected  in  series  with  one 
supply,  and  C-oils  2, 4,  and  5  are  excited  by  the  other  power 
supply.  Such  connection  permits  us  to  control  the  field 
integral  and  match  it  to  zero  within  the  required  accuracy. 
We  need  only  one  type  of  superconducting  wire  which  will 
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Figure  3:  Magnetic  Held  profile  and  reference  orbit 


o|>erate  with  different  current  density,  depending  on  the 
coil.  We  will  use  the  superconducting  wire  specified  in 
Table  2. 


Ill  Radiation  Characteristics 

Here  and  below  an  electron  energy  of  2  GeV  and  an  electron 
beam  current  of  100  inA  are  assumed.  In  Figure  4  the  ver¬ 
tically  integrated  intensity  for  a  1  mrad  horizontal  opening 
angle  and  0.1  %  bandwidth  is  shown  for  a  central  pole  field 
strength  of  7.5  T  and  side  pole  field  strength  of  -1.7  T.  The 
spectral  photon  flux  at  the  critical  wavelength  Xe  =  0.62  A* 
(critical  energy  e  =  20  keV)  is  /  =  3.2  x  10n  photon- 
s/sec/0. 1%  BW/mrad. 

The  total  radiation  power  from  the  7.5  T  superconduct¬ 
ing  wiggler  is  approximately  3.4  kW. 

The  7.5  T  superconducting  wiggler  deflects  2.0  GeV  elec¬ 
trons  in  the  horizontal  plane  by  a  total  angle  of  about 
±3.8°.  For  the  case  when  the  wiggler  is  located  in  the 
center  of  a  6.5  m  straight  section,  the  design  of  the  PLS 
vacuum  chamber  makes  it  possible  to  have  a  maximum 
horizontal  angular  aperture  for  radiation  output  approxi¬ 
mately  equal  to  2A0  ~  20  mrad.  This  is  corresponds  to  an 
output  power  of  nearly  0.5  kW,  with  the  remainder  of  the 
total  3.4  kW  emitted  power  being  stopped  by  several  water 
cooled  copper  absorbers  installed  in  the  vacuum  chamber 
between  the  wiggler  and  the  beamline  port. 

Insertion  of  the  special  absorber  units  inside  the  PLS 
vacuum  chamber  will  not  result  in  a  reduction  of  the  hori¬ 
zontal  aperture  of  the  electron  beam,  which  is  ±35  mm. 

The  preliminary  location  of  the  absorbers  has  been  com¬ 
puted  and  incorporated  into  the  design  of  the  vacuum 
chambers. 
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Figure  4:  Photon  (lux  integrated  over  the  vertical  opening 
angle. 


Maximum  output  current 

2  x  300  A 

Maximum  output  voltage 

12  V 

RMS  Stability 

0.01  % 

Line  voltage 

220/380  V-60  Hz 

Cooling 

water 

Ifeble  3:  Parameters  of  wiggler  power  supply 


XV  Miscellaneous 

Cryogenics 

The  inner  helium  filled  vessel  is  surrounded  by  a  nitrogen 
shield  to  reduce  the  heat  transfer  rate  between  the  outside 
and  the  helium  inner  part.  The  space  between  the  helium 
vessel  and  the  nitrogen  screen,  as  well  as  that  between  the 
nitrogen  screen  and  the  external  warm  stainless  steel  vessel, 
are  filled  with  aluminized  mylar  insulation  to  reduce  heat 
transfer  rates. 

The  wiggler  coil  current  inputs  are  cooled  by  boiled  he¬ 
lium  vapors.  The  vacuum  pipe  where  electrons  pass  is  at 
room  temperature  so  as  not  to  iuterfeie  with  the  machine. 
The  approximate  thermal  inflow  is  1.4  VV,  and  the  expect¬ 
ed  helium  consumption  rate  is  46  liters/day.  Detail  design 
of  the  cryogenics  system  is  now  in  progress. 

Power  Supply 

Two  separate  power  supply  units  are  needed  to  feed  the 
wiggler  coils.  Preliminary  design  parameters  of  power  sup¬ 
ply  units  are  listed  in  Table  3.  Each  power  supply  has 
a  three  phase  tyristor  rectifier,  a  rectifier  filter  and  elec¬ 
tronics  for  the  feedback  system,  as  well  as  current  control 
and  monitoring.  A  zero-flux  current  transformer  is  used 
for  high  precision  output  current  measurements.  The  pow¬ 
er  supplies  are  computer  controlled  using  16-bit  digital  to 


Control  System 

The  wiggler  control  system  has  to  provide  for  control  and 
monitoring  of  the  wiggler  operation  during  cooling,  ramp¬ 
ing  on  and  operation  conditions.  The  main  functions  of 
the  control  system  are: 

•  control  and  monitoring  of  the  power  supply. 

•  magnetic  field  ramping. 

•  control  of  the  quench  protection  system. 

•  monitoring  of  cryogenic  equipment. 

•  wiggler  operation  statistics. 

V  Summary 

A  superconducting  wiggler  is  being  built  for  the  PLS  s- 
torage  ring.  The  design  is  based  on  three  parallel  super¬ 
conducting  dipoles.  The  field  is  produced  by  six  racetrack 
NbTi-coils  assembled  symmetrically  above  and  below  the 
vacuum  chamber.  The  current  density  for  the  coil  about 
the  central  pole  is  optimized  to  obtain  optimal  field-current 
characteristics  within  the  coils  The  use  of  iron  poles  and 
yokes  makes  it  possible  to  produce  higher  field  than  the  cor¬ 
responding  values  when  no  iron  is  used.  The  central  field 
is  expected  to  be  about  7.5  T,  giving  a  critical  wavelength 
of  Ae  =  0.62  A  at  an  electron  energy  of  E  =2.0  GeV.  This 
superconducting  wiggler  will  enhance  the  performance  of 
the  PLS  for  short  wavelength  users  and  provide  new  pos¬ 
sibilities  for  synchrotron  radiation  experiments. 
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ABSTRACT 


2.  CONDUCTOR  INTEGRATION 


This  paper  describee  the  resalts  of  a  3D  calculation 
of  the  magnetic  field  in  the  end  region  of  the  RHIC 
arc  dipole  magnet.  Multipok  harmonics  ate  obtained  in 
the  end  regions  of  the  magnet.  Comparisons  of  these 
harmonics  are  made  to  the  measurements  of  harmonics 
on  the  actual  magnets. 

1.  INTRODUCTION 

This  papa  summarises  the  3D  calculations  per¬ 
formed  on  the  ends  of  the  RHIC  dipole  magnet.  The 
design  of  the  ends  depends  both  on  magnetic  and  me¬ 
chanical  considerations.  The  magnetic  objectives  are  to 
minimise  integrated  harmonics  and  to  reduce  fields  at  the 
conductors  in  the  end  region.  The  mechanical  consid¬ 
eration  is  to  minimise  the  strain  energy  of  the  cable  in 
the  end  configuration.  The  cable  can  be  viewed  as  a  rib¬ 
bon  with  an  easy  direction  (perpendicular  to  the  ribbon 
plane)  and  a  hard  direction  (in  the  plane  of  the  ribbon) 
of  bend.  Strain  would  be  minimised  if  the  cable  would 
bend  only  in  the  easy  direction.  In  the  end,  the  cable  tra¬ 
verses  a  path  where  the  outer  edge  is  on  a  cylinder.  On 
the  surface  which  describes  the  mid-plane  of  the  ribbon 
the  edges  of  the  cable  should  ideally  be  geodesic  of  the 
surface.  The  mathematical  treatment  of  the  end  design  is 
patterned  after  Bossert  et  al1.  The  outer  and  inner  edges 
are  assumed  to  be  ellipses  whenthe  cylinder  on  which  it 
lies  is  unrolled.  This  procedure  of  using  developed  con¬ 
tours  for  the  cable  has  made  the  winding  of  the  ends 
reasonably  easy. 

The  RHIC  dipole  magnet  has  a  single  layer  with  four 
Mocks  in  the  2D  cross  section.  Spacers  are  placed  in  the 
ends  to  spread  the  positioning  of  the  various  turns  so  as 
to  control  the  field  harmonics.  This  is  performed  by  a 
minimisation  technique.  Fig.  1  shows  a  projection  of  the 
outer  edge  of  the  return  end  of  the  coil  onto  a  plane. 
The  four  Mocks  merge  into  seven  regions  in  the  end  with 
different  spacer  sises. 

Calculations  of  the  magnetic  fields  can  be  performed 
based  on  this  model  of  the  ends.  Results  using  the  Biot- 
Savart  integration  on  the  conductors  are  given  in  section 
2.  Comparisons  are  made  to  measured  data  for  these 
magnets.  Section  3  describes  similar  calculations  that 
are  in  progress  made  with  the  3D  finite  element  program 
TOSCA3  which  takes  into  account  the  iron  saturation. 
Also  the  TOSCA  calculations  will  be  used  to  study  the 
peak  field  in  the  vicinity  of  the  conductor. 


The  field  at  a  point  in  space  is  obtained  by  integrating 
the  Biot-Savart  relation  over  the  attire  conductor  path. 
The  coils  consist  of  32  turns  of  cable  in  each  half.  Each 
turn  is  represented  by  a  straight  section  plus  an  ellipse  in 
the  unrolled  cylinder  (dime  for  the  end  region.  For  field 
calculations  each  turn  is  subdivided  by  3  in  thickness  and 
by  S  in  width  with  each  subdivision  being  approximated 
by  a  filament  at  its  center.  The  infinite  permeability  iron 
is  approximated  by  including  the  image  current  to  each 
filament  in  the  iron  cylinder.  The  method  of  images  is  not 
strictly  correct  since  the  non-axial  components  of  current 
do  not  form  images  in  the  cylindrical  geometry.  However, 
the  non-axial  components  do  not  contribute  to  the  field 
harmonics. 

DREKZ,  Return  end  outer  edges 


The  field  is  Fourier  analysed  in  terms  of  harmonics 
defined  as  follows: 


-MB,  =  10-4xBo  £>-  +  "-! 

m=0 


*_Mp] 
R  1 


where  Bx  and  Bt  are  the  field  components  at  (x,  y),  R  is 
the  reference  radius  chosen  to  be  25  mm  and  Bo  is  the 
tD  field  at  the  center  of  the  magnet.  b'9  (oj,)  represents 
the  normal  (skew)  field  harmonics.  Fig.  2  shows  the 
calculated  normal  field  harmonics  as  a  function  of  axial 
position  in  the  end  region  of  the  return  end  (the  end 
without  the  lead  connections)  of  the  magnet.  The  axial 
position  is  somewhat  arbitrary  with  s=0  approximately  3 
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Figure  2:  Calculated  normal  field  harmonics  for  the 
RHIC  dipole  return  end.  Axial  position  is  in  cm. 


Figure  St  Return  end  normal  harmonics  convoluted 
with  9  inch  rectangular  function  simulate  the  measure¬ 
ment  if  it  were  performed  at  that  s  position.  Correspond¬ 
ing  harmonics  for  actual  measurements  are  superimposed. 
The  x  position  is  quoted  in  mm  in  this  figure. 


magnet.  A  sequence  of  f  ven  steps  covers  the  length 
of  the  DRS009  and  DRS010  short  dipole  magnets.  To 
simulate  the  measurements,  a  convolution  is  made  of  the 
end  calculation  at  a  point  x  with  a  9  inch  band  centered 
around  it.  Fig.  3  and  Fig.  4  show  these  convoluted 
calculations  for  the  normal  return  end  and  lead  end 
harmonics  as  the  continuous  curve.  The  non-convoluted 
end  effect  of  the  harmonics  has  an  active  range  of  about 
15  cm.  When  this  active  range  is  completely  within  the 
9  inch  (22.9  cm)  band  the  convoluted  harmonics  are  near 
sero  since  the  ends  were  designed  to  have  harmonics  that 
integrate  to  sero.  When  upper  and  lower  edges  of  the  9 
inch  band  pass  through  the  active  range  a  positive  and 
a  negative  reflection  of  the  profile  appear,  separated  by 
9  inches.  The  measured  9  inch  coil  data  from  DRS009 
and  DRS010  at  2000  amps  are  also  shown  in  Fig.  3 
and  Fig.  4.  This  current  is  chosen  since  it  is  below 
the  turn-on  of  iron  saturation  effects  and  above  most 
of  the  superconducting  magnetisation.  The  arbitrariness 
of  the  relative  axial  position  between  the  measured  and 
calculated  harmonics  is  removed  by  matching  Bo  at  the 
moat  sensitive  9  inch  measurement  segment.  Furthermore 
the  calculated  harmonics  are  corrected  to  match  the 
measured  harmonics  at  the  position  in  the  middle  of  the 
magnet.  This  is  done  since  the  crude  representation  of 
the  iron  in  the  calculation  does  not  take  into  account 
the  fine  iron  details  such  as  notches  and  other  cutouts 
present  in  the  return  yoke.  The  agreement  between 
the  calculation  and  measurements  are  remarkably  good 
with  the  possible  exception  of  5a,  however  higher  order 
harmonics  are  generally  more  difficult  to  calculate. 


cm  before  the  beginning  of  the  curved  part  of  the  end. 
Negative  numbers  are  iaside  the  straight  section  of  the 

magnet. 

Measurements  in  the  end  region  of  a  magnet  are 
made  with  a  9  inch  long  coil.  The  measuring  coQ 
is  stepped  in  9  inch  increments  through  length  of  the 


Figure  4:  Lead  end  normal  harmonics  convoluted  with 
9  inch  rectangular  function  simulate  the  measurement  if 
it  were  performed  at  that  x  position.  Corresponding 
harmonics  for  actual  measurements  are  superimposed. 
The  x  position  is  quoted  in  mm  in  this  figure. 
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The  ea d  harmonies  can  be  defined  u 

when  the  effective  length,  !>•//,  ie  10~4  x  This 
non-standard  definition3  of  end  harmonics  is  used  to 
allow  the  direct  comparison  of  the  calculation  with  the 
measured  data.  Using  the  9  inch  measurements  the  end 
harmonics  can  be  separated  into  contributions  from  the 
tend  and  return  ends.  The  lead  and  return  end  harmonics 
an  considered  specially  localised  contributions  to  the 
accelerator  lattice  in  addition  to  the  2D  body  harmonics, 
&£***'.  Ihble  1  presents  the  return  and  lead  end  harmonies 
for  DRS009  and  DRS010  along  with  the  calculated  values. 
The  agreement  is  reasonably  good.  The  skew  harmonies, 
a*”*,  an  also  given.  The  calculation  of  a**4  are  made 
from  the  leads  alone.  The  comparison  indicates  that 
these  skew  harmonics  are  associated  largely  to  these 
leads.  The  leads  in  the  measurement  test  apparatus 
an  unfortunately  positioned  to  give  large  harmonics.  In 
the  accelerator  these  leads  an  designed  to  have  minimal 
effect. 

Table  1:  Integrated  harmonics  for  return  and  lead  ends. 
Results  are  listed  as  unit-meters. 


End 

n 

DRS9 

DRS10 

Calc 

Return 

bo 

0.00 

2.92 

0.00 

h 

0.78 

1.43 

0.20 

b< 

0.39 

0.25 

-0.01 

be 

0.07 

0.06 

0.01 

bs 

-0.25 

-0.22 

-0.17 

*3 

0.15 

0.43 

<*4 

0.08 

0.22 

06 

0.00 

0.03 

Lead 

bo 

0.00 

2.79 

0.00 

bj 

13.53 

14.37 

10.12 

b4 

-0.83 

-0.79 

-0.55 

be 

0.63 

0.65 

0.51 

bs 

-0.23 

-0.23 

-0.15 

«2 

-7.53 

-7.93 

-7.41 

1.81 

1.65 

1.26 

06 

-0.75 

-0.71 

-0.28 

«8 

0.22 

0.21 

-0.05 

a.  CONCLUSIONS 

The  good  agreement  of  the  low  field  measured  har¬ 
monics  with  the  calculations  implies  that  the  conductor 
geometry  in  the  coil  ends  is  as  it  should  be.  Currently 
in  progress  is  an  analysis  of  the  RHIC  dipole  end  us¬ 
ing  the  saturable  iron  computer  program  TOSCA.  This 
program  solves  Poisson’s  equations  in  3D  using  a  finite 
element  method.  In  this  program  each  turn  of  the  coil  is 


described  by  a  constant  perimeter  conductor  with  a  de¬ 
veloped  ellipse  in  the  end  region  in  a  similar  manner  to 
that  which  was  used  in  the  previous  section.  The  iron  is 
a  simple  cylinder  with  the  correct  inner  and  outer  yoke 
radii.  Other  structures  in  the  iron  are  ignored  since  the 
segmentation  available  on  a  3D  mesh  is  not  sufficient  for 
such  detail.  The  first  part  of  the  study  is  to  understand 
the  behavior  of  the  field  harmonics  after  the  onset  of  iron 
saturation.  The  measured  harmonics  at  high  field  show 
effects  in  the  bj  term  due  to  saturation. 

The  second  part  of  the  study  is  to  examine  the  field  in 
the  vicinity  of  the  conductor  in  the  end  region.  The  peak 
field  near  a  conductor  can  potentially  cause  a  quench  at 
that  location.  It  is  desirable  that  such  high  fields  not  be 
in  the  end  region  where  the  coil  support  may  be  less  rigid. 
Differences  of  a  few  percent  in  field  can  be  important. 

4.  REFERENCES 

1.  R.C.  Bossert  et  al,  Analytical  Solutions  to  SSC  Coil 
End  Design,  Supercollider  I,  (1990). 

2.  TOSCA  is  a  computer  code  marketed  by  Vector 
Fields,  Ltd. 

3.  Definition  of  the  end  harmonics  used  for  field  measure¬ 
ments  are  described  by  A.K.  Jain  and  P.  Wanderer  in 
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Abstract 

After  the  achievement  of  the  SSCL's  Congressionally 
mandated  milestone,  the  Accelerator  System  String  Test 
(ASST)  half  cell  under  went  a  series  of  power  tests.  These 
tests  involved  quenches  induced  in  various  configurations  and 
in  power  levels  up  to  the  maximum  operation  point.  These 
tests  have  produced  data  which  has  defined  various  parameters 
and  requirements  for  the  individual  elements  and  system. 

I.  INTRODUCTION 

After  careful  data  analysis  of  the  first  operational  period  of 
the  ASST,  and  its  comparison  to  previous  string  data,  t1>2J 
there  were  a  series  of  unanswered  questions  and  unmeasured  or 
unacceptable  parameters  that  needed  to  be  addressed.  There 
were  also  a  few  problems  encountered  during  the  preliminary 
run  that  experimentally  limited  the  parameter  range  available. 
The  half  end  spool's  20K  control  valve  and  lines'  problem 
required  their  rerouting  and  its  replacement.  See  Fig.  1. 
These  repairs  and  changes  resulted  in  lower  flow  rates  for  the 
end  spool  power  leads.  The  required  20K  shield  flow  rate 
during  power  cycles  decreased  by  a  factor  of  5  to  10.  The  low 
high  voltage  breakdown  of  all  the  spool's  voltage  tap 
connectors  required  their  replacement.  See  Fig.  2.  The 
ultimate  cold  hipot  limit  of  the  high  voltage  and  current  bus 
plus  voltage  taps  increased  from  700  volts  to  2.6KV  in  4.6K, 
4  ATM  helium.  The  ability  to  reconfigure  the  half  cell  for 
various  special  tests  (Le.,  the  spool  piece  containing  recooler 
"SPR's"  safety  leads’  response)  was  implemented.  There  were 
also  a  series  of  special  experiments  that  had  been  requested  and 
subsequently  approved  to  be  done  as  schedule  permitted  in 
addition  to  the  standard  verification  of  the  operation  range. 
Induced  quenches  up  to  and  including  the  peak  operating  field 
were  performed.  A  series  of  thermal  load  measurements  were 
taken  as  well.  In  addition  to  the  21  induced  quenches  that 
occurred  during  the  initial  summer  run,  the  half  ceil  was 
subjected  to  18  more  induced  quenches  including  8  at  6.5KA. 

H.  EXPERIMENTAL  PROCEDURE 

The  typical  procedure  followed  first  validates  the  quench 
protection  system.  Then  the  string  is  powered  below  the 
cryostable  point  and  the  system's  energy  is  discharged  into  the 
dump  resistor.  Subsequently  at  a  magnet  current  a  few  hundred 
amperes  over  the  cryostable  point,  at  least  one  beater  circuit 
per  magnet  is  powered  to  check  its  ability  to  drive  the  coils 
notmaL  The  third  dipole  in  the  string,  which  is  connected  to 


+++  Operated  by  Universities  Research  Association  under 
comma  with  the  Department  of  Energy.  Manuscript  received 
May,  1993. 


the  lower  buss,  had  in  earlier  string  tests  produced  the  highest 
quench  voltages!2*3^.  Therefore,  it  was  decided  to  induce 
quenches  in  this  dipole  at  500  Amps  intervals  up  to  6.5  kilo 
amps  until  it  was  deemed  prudent  not  to,  because  of  high 
voltage.  After  completing  a  series  of  induced  quenches  at  the 
maximum  operating  fields,  the  energy  of  the  string  was 
dissipated  into  an  external  dump  in  order  to  bracket  the 
maximum  down  ramp  rate  that  the  half  cell  could  be  full  field 
de-energized  and  stay  superconducting.  The  value  of  the  dump 
resistor  was  varied  from  12  to  16  m£2  to  obtain  the  various 
ramp  rates.  The  next  experiment  was  a  series  of  spot  heater 
quenches  induced  from  5.0KA  to  6.5KA  in  the  thud  dipole  to 
simulate  a  spontaneous  quench.  The  string  was  reconfigured 
such  that  the  current  from  the  power  supply  (see  figure  2) 
entered  the  "SPR"  safety  lead  (upper  buss)  from  a  group  of 
MCM  cables,  on  the  floor  parallel  to  the  first  5  dipoles.  Once 
in  the  cryostat  it  passed  through  the  quadrupole  windings  and 
exited  the  cryostat  through  the  end  spool  power  lead.  After 
exiting  the  end  spool  power  lead  it  returns  to  the  power  supply 
via  another  set  of  MCM  cables  on  the  floor.  The 
reconfiguration  scheme  for  the  lower  buss  safety  lead  was  for 
current  to  enter  the  lower  buss  power  lead  in  the  end  spool  and 
exit  the  lower  buss  safety  lead  in  the  "SPR."  The  last 
experiment  was  a  spot  heater  induced  quench  in  the  first  dipole. 


FEED  SPOOL  SPR  END  SPOOL 


The  cryogenic  loads  were  measured  after  the  system  had 
been  at  operational  temperature,  commissioned,  and  completed 
75%  of  the  experimental  program.  The  system  was  held  at  the 
operating  conditions  with  the  notable  exceptions  of  the  full 
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operational  flow  and  4.6K  instead  of  4.2SK  due  to  the  size  of 
the  refrigerator  available.  There  were  also  a  series  of  load 
resistors  placed  in  the  various  cryogenic  circuits  that  loads 
were  to  be  determined.  This  allowed  an  independent  heat  load 
measurement  calibration  and  error  determination. 


nwwiesudi 


The  heat  load  measurement  l4l  for  the  ASST  appears  to  be 
influenced  by  end  effects  originating  in  the  feed  spool,  recooler 
spool  piece,  and  the  special  end  spool.  After  the  end  spool 
repair,  the  heat  load  in  the  return  end  of  the  half  cell  appeared 
to  be  significantly  reduced. 

The  sequencing  of  the  quench  valve  versus  position  of  the 
initial  quenching  element  evolved  during  the  commissioning. 
This  was  done  in  an  attempt  to  confine  the  quenched  volume 
to  a  quarter  cell. 

III.  RESULTS 

The  commissioning  test  and  validation  checks  of  the  QPS 
and  associated  hardware  required  twelve  SCR  switched  events 
that  resulted  in  de-energizing  the  half  cell  into  the  "dump 
resistor."  These  dumps  varied  from  500  to  6500  Amps.  There 
were  no  problems  encountered  during  these  dump  sequences. 
There  was  a  mechanical  "backup”  switch  to  the  SCR's.  This 
being  required  due  to  the  most  common  anticipated  failure 
mode  being  an  inability  to  gate  the  SCR's  off.  There  were 
three  "mechanically"  switched  opened  events  (SCR'S  having 
been  not  activated  for  these  tests)  which  were  done  at  500 
Amps,  4000  Amps  and  6500  Amps.  The  mechanical  switch 
performed  satisfactorily  during  these  tests.  There  were  also 
two  6500  Amps  dumps  made  with  different  values  for  the 
dump  resistor  in  order  to  bracket  the  maximum  down  rate  that 
the  half  cell  would  operate  and  not  quench  in  the  process.  The 
power  lead  voltages  tripped  the  "QPS"  on  two  occasions,  but 
did  not  result  in  the  half  cell  magnetic  elements  going  normal. 
The  first  occurred  because  of  the  original  20K  valve  and  lines' 
problem  which  required  a  flow  adjustment  to  correct.  This 
additional  flow  and  shield  operation  was  later  reversed  on  the 
second  run  by  correction  of  the  end  spool  problem.  The 
second  trip  was  due  to  the  lead  flow  being  turned  up  too  late 
before  the  ramping  cycle  had  started,  therefore,  leaving  the  lead 
cold  flag  temperature  too  high. 


The  additional  two  higher  resistance  dumps  were 
performed  to  determine  the  maximum  rate  at  which  the  half 
celt  could  be  de-energized  and  stay  superconducting.  Those 
values  used  were  12  and  16  milliobms.  These  data  points 
indicated  that  at  an  operating  temperature  of  4.6K  the  half  cell 
would  not  quench  on  the  down  ramp  from  6500  amps  at  a  rate 
of  258  A/sec,  however,  it  would  quench  on  a  328  A/sec  one. 
These  results  will  be  repeated  and  possibly  bracketed  closer 
during  the  next  full  cell  run  this  summer  and  at  the  lower 
operating  temperature  of  4.3K.  The  magnet  protection  is 
divided  up  so  that  the  QPS  will  quench  either  the  upper  or 
lower  buss  magnets  and  bypass  them  and  continue  to  down 
ramp  the  other  quarter  cell.  In  the  case  of  the  328  A/sec  down 
rate  magnets  from  both  busses  went  normal.  The  upper  buss 
(last  in  the  helium  coolant  path)  magnets  were  slightly  ahead 
of  the  lower  buss  magnets,  4.46  and  4.82  seconds  into  the 
down  ramp,  respectively.  This  resulted  in  the  upper  buss 
magnet  (D4)  receiving  10.3  Miits  and  the  lower  buss  magnet 
(Dl)  9.8  Mitts  .  "Miits"  is  defined  as  million  ampere  squared 
seconds  of  energy  into  the  original  "normal"  volume  per  unit 
resistance.  The  quench  occurred  at  a  current  of  5300  amps  and 
produced  only  230  volt  to  ground.  This  resulted  in  a  helium 
pressure  wave  with  a  peak  of  170  psig  which  was  very  typical 
of  6500  Amp  quenches.  Therefore,  it  appears  that  the  planned 
200  A/sec  down  ramp  at  4.3K  is  probably  not  a  constraint,  and 
could  be  slightly  increased. 

The  commissioning  tests  comprised  a  series  of  twelve 
protection  strip  heater  induced  quenches  at  2000  Amps  (300  to 
500  Amps  greater  than  cryostable  point  of  the  conductor 
used  in  the  coil  windings).  These  tests  were  performed  to 
insure  that  the  protection  strip  heater  could  indeed  drive  their 
associated  magnets  normal  at  a  low  enough  current  that  the 
magnets  were  not  at  risk.  The  remaining  induced  quenches 
were  done  to  study  the  peak  Miits,  the  maximum  voltage  to 
ground  and  the  peak  pressure  generated  in  the  helium. 

There  were  several  interesting  aspects  to  these  data;  first 
the  voltage  to  ground  which  will  only  be  briefly  mentioned  as 
it  is  a  subject  of  another  paper  this  conference  [5].  The 
maximum  observed  voltage  to  ground  was  1700+  volts  during 
an  induced  quench  at  6000  Amps.  This  result  would  have 
scaled  to  2300  volts  at  6500  Amps  and  the  system  was 
subsequently  hipotted  to  2600  volts  after  this  event.  This,  of 
course,  assumes  that  the  voltage  would  have  continued  to  rise 
at  its  previous  rate  from  earlier  quenches  at  lower  currents. 
The  "Miits"  appeared  to  be  leveling  off  in  the  9  to  11  region 
with  a  solder  melt  limit  being  approximately  16+  Miits.  The 
parameter  that  correlated  to  this  particular  magnet  producing 
high  voltage  was  its  relatively  high  low  temperature  resistance 
compared  to  the  other  elements  in  the  quarter  cell  that  were 
bussed  in  series  with  it.  This  has  lead  to  an  additional 
requirement  that  the  low  temperature  resistance  of  the  units  in 
the  quarter  cells  have  the  same  outer  coil  value  within  10%. 

The  high  pressure  helium  wave  front  that  is  generated  by 
the  quench  was  carefully  measured  to  ascertain  magnitude  and 
speeds.  It  appears  that  there  is  a  large  pressure  drop  across  the 
recooler  when  the  pressure  front  passes  through  it  The  peak 
pressure  observed  during  an  induced  quench  event  was  205 
psig.  This  occurred  when  a  quench  was  strip  heater  induced  in 
the  dipole  next  to  the  "SPR"  at  6500  amps.  The  quench  valve 
that  had  been  activated  to  relieve  the  pressure  was  on  the 
opposite  side  of  the  recooler. 
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The  spot  beater  quench  events  which  simulate  some  types 
of  spontaneous  quenches  could  be  compared  to  strip  heater 
quenches  as  follows;  a)  the  Miits  at  a  given  current  were 
larger  by  approximately  10%;  b)  the  peak  voltage  to  ground 
was  about  one  half  plus  or  minus  10%.  These  characteristics 
were  valid  for  both  magnets,  D1  and  D3  for  which  data  existed 
for  comparison. 

The  "SPR"  safety  leads’  resistance  ranged  between  0.9  to 
1.3  milliohms  according  to  the  duration  and  history  of  their 
powering.  The  thermal  time  constant  for  their  exit  gas 
temperature  appears  to  be  >20  minutes.  The  response  of  the 
quench  stopper  located  at  the  base  of  the  safety  lead  suggests 
the  lead  thermal  time  constant  to  be  on  the  order  of  hours. 
The  lead  design  has  a  very  large  safety  factor.  It  was  tested  to 
twice  the  energy  input  required  for  a  standard  ramp  down  and  it 
did  not  raise  the  superconducting  cable  side  of  the  quench 
stopper  more  than  a  few  100  milliKelvins.  Therefore,  it 
would  seem  possible  to  reduce  its  present  size  and  subsequent 
heat  leak.  The  time  to  remove  the  heat  from  (he  present  safety 
lead  even  with  the  lead  gas  flow  greater  than  120  1/sec  is  on 
the  order  of  hours.  This  represents  an  operational  constraint 
and  must  be  mitigated.  The  quench  stopper  in  the  "SPR"  was 
able  to  keep  the  buss  stabilized  even  with  AT  of  16K  across  it. 

The  thermal  measurements  on  the  suing  are  summarized 
in  Table  1  [4]. 


Table  1.  Cryogenic  Load  for  Various  Circuits 


Watts/(Dipoie  +  Interconnect) 


Circuit 

% 

Feed 

D1 

D2 

D3 

D4 

D5 

SPR 

Bgt 

/Run# 

Error 

Spool 

** 

Cold 

±33 

Large 

9.5 

2.4 

0.4 

1.7 

4.1 

(30- 

.36 

Mass/1 

Load? 

40)* 

Cold 

±28 

Large 

9.0 

2.4 

— 

1.5 

2.2 

(20- 

.36 

Mass/2 

Load? 

6)* 

20K/2 

±01 

... 

9.6 

4.8 

... 

5.2 

3.8 

... 

5.1 

80K/1 

±  14 

... 

27. 

29. 

26 

16 

20. 

_ 

37 

80K/2 

±  16 

23. 

25. 

23 

13 

19. 

37 

♦Very  erratic  one  test  to  next. 
♦♦No  Estimate 


The  minimum  total  load  estimate  of  the  liquid  return  and 
cold  mass  was  >130  watts,  therefore,  this  would  indicate  the 
end  spools  are  >  40  w  each.  As  can  be  seen  in  the  table,  there 
are  indications  that  the  high  heat  leaks  present  in  the  end  and 
feed  spool  pieces  corrupt  the  cold  mass  thermal  load 
measurement 


This  is  particularly  true  because  of  the  differences  with  the 
earlier  lower  40mm  suing  coldmass  load  measurements.  The 
low  temperature  <20K  resistance  of  the  outer  windings  of  the 
magnets  in  a  quarter  cell  will  be  matched  to  10%.  There  were 
however  no  data  obtained  that  would  preclude  a  successful 
collider  operation. 
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IV.  CONCLUSIONS 

These  data  and  those  obtained  from  other  experiments  not 
presented  have  modified  our  approach  to  collider  operations. 
Several  problems  will  need  to  be  addressed  to  limit  their 
impact  The  pump  out  times  for  the  system  have  been 
modified.  The  maximum  operating  pressure  is  now  determined 
by  the  cool  down  rate  not  quench  pressure.  The  design  of  the 
safety  lead  will  be  revised  with  respect  to  quench  recovery 
time.  The  high  coldmass  heat  load  will  have  to  be  understood. 
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Abstract 

The  wedges  used  in  SSC  Prototype  Dipole  Magnets 
determine  the  relative  position  of  conductor  blocks  within 
magnet  coils.  They  serve  to  compensate  partially  for  the  less 
than  full  keystoning  of  die  superconductor  cable  and  to  adjust 
current  distribution  with  azimuth  to  determine  the  magnetic 
field  shape.  The  ability  to  control  the  size  and  uniformity  of 
wedges  therefore  is  an  important  factor  influencing  magnet 
field  quality.  This  paper  presents  preliminary  results  of  a 
Statistical  Quality  Control  study  of  wedge  dimensional 
variation  and  predicted  field  quality.  Dimensions  of  samples 
from  outer  wedges  for  magnet  DCA102  have  been  measured 
using  a  programmable  optical  comparator.  The  data  is  used  to 
evaluate  wedge  manufacturing  process  capability,  wedge 
uniformity,  and  to  predict  changes  in  conductor  block  position 
due  to  wedge  deviation.  Expected  multipole  variation 
attributable  to  observed  wedge  variation  is  discussed.  This 
work  focuses  on  a  Prototype  Dipole  Magnet  being  built  at  the 
SSCL  Magnet  Development  Laboratory  (SSCL  MDL)  in 
Waxahachie,  Texas.  The  magnet  is  of  the  same  design  as  the 
DCA3xx  series  magnets  built  at  Fermi  National  Accelerator 
Laboratory  (FNAL)  in  1991-92  and  later  used  in  the  1992 
Accelerator  Systems  String  Test  (ASST). 

I.  INTRODUCTION 

The  SSCL  Magnet  Systems  Division  Quality  Assurance 
department  (MSD  QA)  is  currently  investigating  several 
sources  of  manufacturing  variation  in  SSC  Prototype  Dipole 
Magnets.  The  work  focuses  on  features  of  the  cold  mass 
production  process  which  are  believed  to  influence  magnet 
field  quaiity  including  coil  azimuthal  size  and  modulus,  as 
well  as  wedge,  collar,  and  yoke  dimensional  variation.  In  this 
paper  we  present  preliminary  results  of  a  study  of  outer  wedge 
data  from  wedges  made  for  the  DCA3xx  and  DCAlxx 
magnets  (DSX201B/W6733B  cross  section)  [1,  2].  The 
method  of  wedge  measurement  is  described.  Measurement 
error  is  quantified.  A  comparison  between  drawing  tolerances 
and  observed  results  is  provided.  The  relationship  between 
dimensional  variation  and  manufacturing  process  capability  is 
discussed.  Finally,  the  expected  influence  of  wedge  variation 
on  multipoles  is  described,  using  the  normal  sextupole  {&2)  as 
an  example. 

II.  OUTER  WEDGE  DESCRIPTION 

The  symmetric  outer  coil  wedge  2D  cross  section  is 


*  Operated  by  the  Universities  Research  Association,  Inc.,  for 
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described  in  Figure  1  [3].  The  features  of  the  wedge  are:  (A) 
Top  Width;  (B)  Delta  Width;  (C)  Large  End  Height;  (D) 
Bottom  Width;  (E)  Small  End  Height  The  copper  wedges  are 
produced  using  rolling-mill  technology  in  approximately  18  m 
(60  ft)  lengths.  They  are  cut  to  intermediate  length  for 
shipping  and  later  cut  to  1.8  m  lengths  (6  ft)  for  wrapping 
with  kapton  insulation.  The  wedges  are  installed  in  the  magnet 
during  coil  winding. 


Figure  1.  Outer  Wedge  (2D  Cross  Section). 

III.  WEDGE  SAMPLING  AND  MEASUREMENT 

A.  Measurement  Method 

Several  methods  are  available  for  verifying  wedge 
dimensions.  Two  methods  have  been  studied  by  MSD  QA  one 
using  a  Coordinate  Measurement  Machine  (CMM)  and  the 
other  using  an  Optical  Comparator  (OGP).  Due  to 
programming  difficulties  and  schedule  limitations  only  the 
OGP  technique  is  described  at  this  time. 

Sixteen  bare  outer  wedges  (each  1.8  m  long)  were  selected 
at  random  from  SSCL  MDL  inventory.  Small  slices  were  cut 
from  each  end  of  each  wedge  and  mounted  on  glass 
microscope  slides  for  measurement.  Each  feature  of  the 
wedge  was  measured  ten  times  using  the  automatic  mode  on 
the  OGP.  Details  of  the  measurement  method  will  be 
distributed  in  a  future  MSD  QA  Note . 

B.  Measurement  Error 

The  OGP  machine  certified  accuracy  and  repeatability  are 
both  0.00254  mm  (0.0001"),  for  individual  observations. 
Calibration  accuracy  and  repeatability  have  been  verified 
using  a  NIST  traceable  certified  pin  and  ten  repeat 
measurements.  Measurement  capability  has  been  compared  to 
wedge  tolerance  using  the  Standard  Error  of  the  Mean  (SEM) 
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of  the  ten  repeal  measurements  on  the  certified  pin.  According 
to  this  method,  the  OGP  capability  is  approximately  3.5%  of 
the  nominal  outer  wedge  tolerance,  as  described  in  Table  1. 


11j9 


Table  1  Optical  Comparator  Measurement  Error 


Calibration  Accuracy  and  Repeatability 
Accuracy  (deviation  from  pin)  =  0.00127  mm  (0.00005") 
1  a  Repeatability  *  0.00147  mm  (0.000058") 

SEM  =  o  /  sqrt  (n)  =  0.00046  mm  (0.000018") 


Machine  Capability  vs.  Wedge  Tolerance 
Nominal  Tolerance  *  +/-  0.013  mm 
SEM/Wedge  Tolerance  =  0.035  (3.5%) _ 


8 


11B 


11.7 
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WEDGE 


C.  Sampling  Error 

Each  feature  has  been  measured  10  times  for  each  of  31 
wedge  samples  (16  from  start  ends,  15  from  finish  ends).  The 
average  standard  error  of  the  slice  measurements  is  typically 
less  than  12  %  of  the  part  tolerance,  as  listed  in  Table  2. 

Table  2  Sample  Standard  Error  (for  10  repeats) 


Figure  1 
Feature 

Average  SEM 
of  31  Samples 

SEM 

0.013 

A 

0.001566  mm 

0.1197 

B 

0.001188  mm 

0.0914 

C 

0.000491  mm 

0.0378 

D 

0.001414  mm 

0.1087 

E 

0.000533  mm 

0.0410 

Based  on  One  Way  Analysis  of  Variance  (ANOVA), 
"Between"  sample  (slicc-to-slice)  variation  explains  98.4%  of 
the  observed  wedge  feature  variation,  on  average.  "Within” 
sample  variation  (sampling  error)  accounts  for  only  1.6%  of 
the  observed  variation.  Figure  2  describes  the  relationship 
between  measurement  error  and  outer  wedge  variation  for  the 
Bottom  Width.  Each  point  on  Figure  2  shows  the  wedge  slice 
mean  (+  symbol)  and  standard  deviation  (error  bars)  for  the 
start-end  of  each  of  the  16  wedges  in  the  study,  (tolerance 
limits  are  shown  as  well,  1 1.66  mm,  +/-  0.013  mm). 

IV.  ESTIMATE  OF  PROCESS  CAPABILITY 

A.  X  Process  Limit  Calculation 

Using  the  Shewhart  X  Control  Chart  for  variables  [4,  5], 
±3 <7  process  limits  have  been  calculated  for  the  outer  wedge 
features.  The  sample  size  is  16  (wedges  in  the  study)  and  the 
subgroup  size  is  2  (slices  measured  from  the  ends  of  each 
wedge).  The  average  of  10  repeat  observations  from  each  slice 
is  used  as  the  feature  value.  To  demonstr  Figure  3  shows 
the  Bottom  Width  for  start  and  finish  ena  of  each  wedge  with 

the  tolerance  band,  while  Figure  4  shows  X  (the  mean  of  the 
2  slices)  for  each  wedge  with  estimated  ±3(7  process  limits. 


Figure  2.  Outer  Wedge  Bottom  Width: 

Start  End  Mean  and  1  a  Error  Bars  for  10  repeats. 
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E 


+ 

1 1B  h  x 
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WEDGE  (+)  -  Start  <x)  -  Finish 
Figure  3.  Outer  Wedge  Bottom  Width: 

Start  (+)  and  Finish  End  (x)  for  each  Wedge  Sample. 


WEDGE 

Figure  4.  Outer  Wedge  Bottom  Width: 

X  Chart  of  wedge  sample  means  (subgroup  size  =  2). 
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Table  4.  Outer  Wedge  Deviation  vs.  Observed^- 


B.  Process  Capability  Calculation 

The  Upper  and  Lower  Process  Limits  calculated  for  each 
feature  describe  the  3c  range  within  which  similar  samples 
from  the  source  manufacturing  process  may  be  expected  to 
occur  99.73%  of  the  time,  if  the  sample  is  a  fair  representative 
of  the  process.  Typically  one  would  not  draw  firm  conclusions 
Cram  as  small  a  sample  as  has  been  studied  so  far.  But  for 
demonstration  purposes  and  to  draw  preliminary  conclusions 
we  feel  the  reported  results  are  important  Process  Capability 
(Cp)  is  defined  as  the  ratio  of  the  Tolerance  Range  (max  - 
min)  to  the  process  ±3<X  range.  If  this  ratio  is  less  than  1,  the 
process  is  not  statistically  capable  of  holding  the  specification 
tolerance.  Under  such  conditions,  causes  for  the  variation  in 
the  process  should  be  investigated  and  (if  possible) 
eliminated.  Table  3  shows  the  Process  Capability  estimate  for 
the  outer  wedge  data  studied. 


Table  3  Outer  Wedge  Process  Capability  Estimate 


Fig.  1  Feature 

±3<J  Range 

Process  Capability 

A 

0.078  mm  (0.0031") 

0.333 

B 

0.141  mm  (0.0056") 

0.184 

C 

0.054  mm  (0.0021") 

0.481 

D 

0.161  mm  (0.0063") 

0.161 

E 

0.070  mm  (0.0028”) 

0.371 

V.  WEDGE  INFLUENCE  ON  FIELD  QUALITY 


A.  Estimated  Change  in  b2  Due  to  Wedge  Average  Deviation 
The  wedge  angle  described  by  the  outer  wedge  small  end 

height  and  the  outer  coil  inside  radius  (to  the  center  of  the 
magnet)  is  one  of  the  dimensions  used  to  determine  normal 
multipoles  (beven)  for  the  design  cross  section  [6,  7].  The 
influence  of  the  average  deviation  from  design  nominal  for 
the  outer  wedge  has  been  estimated  for  the  normal  sex'  , -pole 
(b 2)  multipole  harmonic.  If  the  pole  angle  is  fixed  (i.e.,  no 
pole  shims  are  used,  as  is  the  case  for  the  DCA3xx  magnets 

[1])  the  change  in  62  has  been  predicted  to  be  -0.1 1  units  per 
0.05  mm  change  in  the  outer  wedge  small  end  height  [2].  For 
the  wedge  data  in  this  study,  the  average  deviation  of  the 
small  end  height  from  the  drawing  nominal  is  -0.036  mm. 
Therefore,  the  estimated  influence  of  the  observed  deviation 
on  f>2  >s: 

(-0.036/0.05)x  (-0.1 1)  =  0.079  x  KT4  units. 

B.  Outer  Wedge  Deviation  and  Observed  Field  Quality 
Based  on  the  assumption  that  the  wedges  studied  fairly 

represent  the  wedges  used  in  the  four  outer  quadrants  of  the 
DCA3xx  ASST  Prototype  Dipole  magnets,  the  fraction  of 
observed  f»2  deviation  from  design  nominal  attributable  to 
measured  outer  wedge  average  deviation  has  been  estimated 
to  be  6.1%,  (see  Table  4).  When  results  from  the  three  inner 
wedges  are  added  to  the  study,  the  cumulative  influence  of 
wedge  deviation  is  expected  to  be  significantly  larger. 


Data  Source:  DC  A3 11  -  DC  A3 19,  Z-Scan  data 
Average  b2  (at  2  kA):  1.463  units  [8] 

Design  b2  (at  injection):  0. 165  units  [2] 

Average  Deviation  from  Design:  1 .298  units 

Estimated  Outer  Wedge  influence:  0.079  units 

Fraction  Attributable  to  Outer  Wedge: _ 6.1% 

C.  Outer  Wedge  Deviation  and  Systematic  Tolerance 

The  Systematic  tolerance  fra1  b2  at  high  field  is  +/-  0.8 
units  [9],  The  influence  estimated  from  outer  wedge  average 
deviation  (0.079  units)  alone  represents  approximately  10%  of 
the  normal  sextupole  high  field  systematic  tolerance. 

VI.  CONCLUSION 

Using  an  approach  similar  to  the  one  described  in  this 
paper,  we  plan  to  expand  this  study  to  include  inner  wedges. 
We  plan  to  estimate  the  combined  influence  of  variation  in  all 
wedges  on  observed  normal  multipoles  for  DCA3xx  and 
DCAlxx  Prototype  Dipole  Magnets.  Working  with 
Production  Engineering  and  our  wedge  suppliers  we  will  also 
investigate  possibilites  for  improving  wedge  process 
capability. 
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Abstract 

The  Accelerator  Systems  String  Test  (ASST)  RAD 
Testing  Facility  has  been  established  at  the  SSC  Laboratory  to 
test  Collider  and  High  Energy  Booster  (HEB) 
superconducting  magnet  strings.  The  facility  is  operational 
and  has  had  two  testing  periods  utilizing  a  half  cell  of  collider 
prototypical  magnets  with  the  associated  spool  pieces  and 
support  systems.  This  paper  presents  a  description  of  the 
tearing  capabilities  of  the  facility  with  respect  to  components 
and  supporting  subsystems  (cryogenic,  power,  quench 
protection,  controls  and  instrumentation),  the  planned  testing 
program  for  the  collider  magnets. 

I.  INTRODUCTION 

The  Superconducting  Super  Collider  Laboratory  (SSCL) 
constructed  a  magnet  string  testing  complex  at  the 
laboratory's  N15  site  in  order  to  fulfill  a  Congressionally 
iMimwd  milestone  for  the  project  This  milestone  was  to 
demonstrate  the  operation  of  a  half-cell  of  the  Collider  lattice 
under  full  power  conditions.  The  half-cell  tested  consisted  of 
five  15  meter,  SO  mm  aperture  dipoles,  one  40  nun  aperture 
quadnqxde  and  the  necessary  spool  pieces.  This  task  was 
successfully  completed  in  August  1992,  when  the  string  was 
ramped  to  6520  amps,  six  weeks  ahead  of  schedule.  The 
results  of  this  first  test  run  and  a  discussion  of  the  milestone 
objectives  occurs  in  reference  [1]. 

The  milestone  completion  marked  a  transition  point  in 
the  mission  of  the  ASST  facility  and  the  management 
structure  it  operated  under.  The  SSCL  utilized  a  task  force 
organization  for  the  milestone  effort  and  once  completed,  the 
task  force  dissolved.  Prim  to  this,  a  planning  effort  was 
started  to  prepare  for  the  transition  of  the  ASST  to  testing 
facility  for  superconducting  accelerator  lattice  components. 
The  motivation  for  the  organizational  structure  adopted  was 
simple.  The  SSC  Laboratory  required  a  facility  where 
technical  components  could  be  integrated  info  collider 
prototypical  systems  and  subsystems  for  testing  and 
operation.  Without  this  capability,  the  SSCL  could  not  meet 
the  quality  assurance  goals  stated  for  the  Collider  Project. 
Test  verification  of  the  two  superconducting  accelerator's, 
(Collider  and  the  High  Energy  Booster  (HEB),  level  3B 
specifications  is  required[2,3].  Besides  providing  a  facility 
for  system  testing  and  personnel  training,  the  ASST  test 
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program  needed  to  provide  for  the  measurement  of  critical 
component  parameters  that  could  not  be  verified  in  single 
component  testing.  Two  examples  of  this  would  be  the  heat 
leak  to  the  4K  cryogenic  circuit  for  collider  magnets  and  the 
response  of  spool  piece  components  to  magnet  quenches. 

The  Collider  Machine  Group  assumed  the  responsibility 
for  the  program  management  and  the  initial  operation  of  the 
ASST.  The  ASST  Test  Group  was  formed  from  members  of 
the  Collider  Machine  Group  and  the  Project  Management 
Office  (PMO)  who  participated  in  the  milestone  effort,  and 
the  support  personnel  from  the  ASST  Task  Force.  [4] 

H.  THE  ASST  SYSTEMS  CAPABILITIES 

The  ASST  complex  consists  of  the  ASST  string,  the 
refrigerator,  the  magnet  power  supply  and  the  refrigerator 
compressor  buildings.  The  last  three  areas  are  part  cf  the 
N15  Utility  complex  that  will  serve  the  Collider  when  in 
operation.  The  ASST  building  consists  of  a  large,  29  m  by 
9.8  m  laydown  area  for  the  receiving  and  checkout  of  string 
components,  and  the  magnet  string  enclosure  which  is  200  m 
long  and  5.2  m  wide.  The  string  enclosure  was  built  with  the 
same  curvature  as  the  Collider  tunnel.  A  niche  area  is 
provided  to  contain  the  quench  protection  system  and  other 
test  electronics.  Located  adjacent  to  the  niche  are  two 
trailers,  each  5.5  m  by  18.3  m.  One  is  configured  to  provide 
office  space  for  technical  personnel  and  the  other  serves  as 
the  ASST  control  room.  The  remote  operation  of  the  string 
subsystems  and  the  monitoring  of  the  technical  components 
under  test  is  accomplished  from  this  control  room.  These 
systems  include  cryogenics,  magnet  power,  quench  protection 
(QPS),  controls  (data  acquisition  and  process),  and  safety. 

The  initial  cyrogenics  system  for  the  ASST  was  built 
around  a  small  550  watt  helium  refrigerator  (Plan  B)  which 
could  provide  135  1/hr  of  liquid  helium.  This  system 
delivered  50  g/s  mass  flow  of  helium  to  the  string.  [7]  The 
Plan  B  refrigerator  was  adequate  to  cool  and  operate  a  half¬ 
cell  string  and  was  purchased  as  a  backup  to  the  primary 
refrigerator,  Han  A  Plan  B  was  used  in  Runs  1  and  2  when 
the  primary  system  was  delayed.  The  Plan  B  refrigerator  has 
been  removed  from  the  ASST  and  will  be  used  at  the  SSCL's 
Central  Facility  as  part  of  the  spool  piece  test  stand. 

The  Plan  A  refrigerator  has  been  commissioned  and  will 
support  the  ASST  program  from  now  on.  This  refrigerator  is 
part  of  the  N15  Arc  Sector  Refrigerator  and  will  eventually 
support  the  operation  of  the  Collider.  This  system  is  capable 
of  providing  4000  watts  of  refrigeration  at  0  g/s  of 
liquefaction.  During  normal  operations,  the  system  will 
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provide  2,200  watts  of  refrigeration  and  22  g/s  liquefaction. 
The  maximum  liquefaction  rate  is  40  g/s.  The  nominal  mass 
flow  of  helium  is  100  g/s  with  a  minimum  flow  capability 
expected  to  be  near  20  g/s.  The  minimum  operating 
temperature  is  2.8  K.  The  operating  pressure  of  the  string  is 
4  bar.  This  system  will  be  used  at  the  ASST  fix  the  first  time 
around  June  1993  to  cool  down  and  operate  the  full  cell 
being  tested  in  Run  3. 

The  magnet  power  system  consists  of  a  high  current  DC 
power  supply  and  an  energy  dump  or  extraction  subsystem. 
The  DC  power  supply  capable  of  supplying  a  maximum  of 
8000  amps  of  current  at  up  to  40  volts  with  a  total  output 
devaluation  of  ±100  ppm.  This  supply  does  not  meet  Collider 
requirements  but  is  adequate  for  the  ASST  program.  A  small 
low  conductivity  water  (LCW)  supply  system  was  assembled 
to  provide  cooling  water  for  the  power  supply  system.  The 
energy  extraction  subsystem  consisted  of  a  dump  resistor 
which  could  be  placed  in  series  with  the  magnets.  The  dump 
resistor  has  a  maximum  resistance  of  40  mfl  with  taps  at  10, 
20,  30,  and  40  mil.  These  taps  correspond  to  the  nominal 
values  required  for  a  half-cell,  full  cell,  one  and  a  half  cells 
and  two  full  cells  respectively.  The  resistance  values  are 
selectable  in  2  mfl  steps.  The  dump  switch  consists  of  a  SCR 
backed  up  by  a  mechanical  switch.  This  switch  is  rated  for 
currents  in  excess  of  7500  amps. 

The  magnet  power  system  is  controlled  by  a  local 
processor  named  the  Collider  Excitation  Controller  and 
Regulator  (CECAR),  and  is  monitored  from  the  ASST 
Control  Room.  The  operators  can  select  the  type  of  ramp, 
ramp  rate  and  current  value.  The  console  display  provides  a 
schematic  of  the  string  under  test  and  displays  key  electrical 
parameters  in  real  time.  These  observables  are  stored  in  data 
buffers  which  can  be  read  out  and  later  stored  in  the  ASST 

The  quench  protection  system  (QPS)  works  in 
conjunction  with  the  magnet  power  system.  During  Runs  1 
and  2,  the  system  had  one  quench  protection  module  (QPM) 
which  monitored  quarter  coil  voltage  taps  on  the  string's 
magnets.  This  system  is  being  expanded  for  Run  3  to  include 
a  second  QPM  to  allow  for  tests  that  require  QPM  to  QPM 
operations.  Like  the  power  system,  the  QPS  is  controlled  and 
monitored  in  the  control  room.  The  console  displays  allow 
for  the  monitoring  of  the  voltage  taps  and  other  diagnostic 
information.  During  a  quench  event,  the  voltages  and 
currents  which  occur  in  the  magnets  and  the  bypass  circuits 
are  recorded  in  data  buffers  for  later  display  and  analysis. 
The  magnet  power  and  quench  protection  systems  used  at  the 
ASST  are  discussed  in  reference  [8], 

The  ASST  has  an  integrated  controls  and  data 
acquisition  system  which  records  data  from  the  numerous 
sensors  monitoring  in  the  string  components  and  the 
subsystems  supporting  the  test  operations.  The  Research 
Instrumentation  Data  Acquisition  System  (RIDAS)  is  the 
primary  data  acquisition  system  for  test  data.  RIDAS  is 
broken  down  into  a  VXI  based  data  logging  system  and  a 
VME  based  transient  data  recording  system.  To  support  the 


tests  requested  for  the  full  cell  configuration,  RIDAS  will  log 
data  from  over  420  separate  sensor  channels.  The  periodic 
data  logging  has  been  performed  at  a  sample  rate  of  five 
minutes.  The  transient  data  system  can  accommodate  up  to 
320  channels  with  its  ten  A/D  modules.  This  system  can 
accommodate  a  wide  range  of  sampling  rates  and  collection 
times.  During  the  half-cell  tests,  sampling  rates  and 
collection  times  varied  from  2000  samples  per  second  fix  30 
seconds  to  10  samples  per  second  fix  30  minutes.  In  addition 
to  RIDAS,  the  controls  system  contains  the  cryogenic  process 
controls  system  which  monitors  80  sensor  channels  from  the 
string  and  controls  25  remote  devices.  There  is  also  a 
vacuum  process  controls  system  which  has  approximately  40 
sensor  channels. 

IB.  COLLIDER  MAGNETS  TEST  PROGRAM 

The  initial  test  (Run  1)  was  the  milestone  demonstration 
effort  and  was  successful  from  that  point  of  view.  It  was, 
however,  not  a  test  program  for  determining  performance 
parameters  fix  the  half-cell  configuration  of  magnets  and 
spools.  During  Run  1,  some  test  data  was  acquired  on  the 
thermal  behavior  of  the  string  and  the  electrical  response 
during  ramping  and  quench,  but  only  enough  to  verity  that 
much  more  was  needed  to  understand  the  behavior  of  the 
components.  At  the  conclusion  of  Run  1,  the  string  was 
warmed  to  room  temperature  so  that  equipment  modifications 
and  repairs  could  be  made. 

The  repaired  string  was  cooled  down  to  cryogenic 
temperatures  in  October  1992,  and  the  testing  program 
resumed  with  Run  2.  This  program  ran  though  January  1993 
with  a  two  week  break  in  December  when  the  cryo  system 
was  shut  down  and  the  string  allowed  to  warm  on  its  own. 
Over  fifteen  different  test  requests  received  testing  time  and 
'■  here  able  to  collect  data. 

Examples  of  the  type  of  tests  attempted  include: 
measurements  of  the  thermal  performance  of  the  magnets  and 
SPR  spool;  the  quench  response  of  the  half-cell  at  various 
current  levels  from  quenches  induced  with  either  spot  or 
quench  protection  heaters;  the  evaluation  of  the  SPR  bypass 
lead;  the  dipole  down  ramp  sensitivity  in  the  string;  cold 
mass  vibration  monitoring;  and  superconducting  splice  joint 
measurements.  Marty  of  these  tests  and  the  results  are 
discussed  in  references  [5,6], 

The  first  run  of  a  full  cell  of  ASST  magnets  will  begin 
in  June  1993.  Using  the  results  from  Run  2,  several  magnets 
were  changed  in  the  first  half-cell  and  the  second  half-cell 
installed.  A  specially  instrumented  dipole  magnet  (DCA323) 
was  added  to  the  first  half-cell  to  measure  where  heat  leaks 
occur  in  the  dipole  cryostat  design.  The  string  will  include  a 
new  recooler  spool  (SPR)  which  is  also  heavily  instrumented 
to  provide  data  on  ormance  that  could  not  be  acquired 
before.  The  prints  ctives  of  Run  3  are  to  acquire  data 
on  the  thermal  penuimance  of  the  dipole  magnets,  the 
electrical  response  of  the  string  components  at  4.25  K,  the 
performance  of  the  SSCL  designed  SPR  spool  and  finally,  to 
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test  two  vendor  designed  and  manufactured  SPR  spools.  The 
first  put  of  this  run  is  expected  to  last  four  to  five  months. 
At  that  point,  the  string  will  be  wanned  to  room  temperature 
and  on  of  the  vendor  SPR’s  installed  and  tested.  This  will  be 
repeated  two  months  later  for  the  second  vendor  spool.  This 
part  of  the  testing  program  will  end  in  the  spring  of  1994. 

The  first  three  test  runs  of  the  ASST  magnet  string  used 
or  will  use  the  ASST  style  magnets  designed  by  the  laboratory 
and  fabricated  at  either  Fermi  National  Accelerator 
Laboratory  (FNAL)  or  at  Brookhaven  National  Laboratory 
(BNL)  by  industry.  The  test  data  will  be  used  by  the 
laboratory's  industrial  partners  (General  Dynamics, 
Westinghouse  and  Babcock  St  Wilcox)  during  the 
development  process  of  modifying  the  laboratory  design  for 
the  dipole  and  quadrupole  into  the  industrial  design  that  will 
eventually  be  manufactured  in  large  quantities  and  installed 
in  the  collider.  Planning  is  in  progress  for  a  full  cell  string 
test  using  industry  designed  and  built  collider  dipole  and 
quadrupole  magnets,  and  spools.  This  string  test  has  not  yet 
been  officially  approved  by  the  laboratory  management. 
These  magnets  will  most  likely  be  preproduction  units  as 
opposed  to  prototypes.  Assuming  that  the  Collider 
installation  contract  is  awarded  in  June  1994,  this  test  could 
then  to  take  place  in  the  first  half  of  FY9S.  The  primary 
objectives  of  this  string  test  would  be  to  verify  the  mechanical 
design  and  stability,  the  thermal  and  electrical  responses 
under  varied  ramping  and  quench  conditions  and  the  vacuum 
performance  during  cool  down  for  the  string.  Secondary 
objectives  would  be  to  test  the  magnet  installation  techniques 
and  to  provide  experience  to  the  installation  contractor's 
personnel  prior  to  any  installation  effort  in  the  actual  collider 
tunnel. 

The  Early  Cryo  Loop  (ECL)  test  is  another  Ml  level 
milestone  for  the  SSCL.  The  results  of  Ml  milestones  are 
reported  back  to  the  DOE  and  Congress.  The  ECL  te  st  «  ng 
will  be  installed  in  the  Collider  tunnel.  This  si  ng  ill 
consist  of  four  cells  of  Collider  magnets  and  spools  .‘'"  tiled 
at  the  N1S  Arc  Sector  Refrigerator  feed  point  and  proceeding 
northward.  The  four  cells  will  be  split  between  the  upper  and 
lower  Collider  rings.  In  addition  to  the  dipole  and 
quadrupole  magnets,  this  string  will  contain  two  empty 
cryostats  (EC)  which  provide  cold  drift  space  in  the  lattice. 
Although  the  planning  for  this  test  is  still  in  the  early  stages, 
the  basic  test  objectives  are  the  same  as  in  earlier  tests.  Those 
are  to  verify  the  operation  of  the  components,  subsystems  and 
systems  required  to  operate  the  Collider  accelerator.  The 
ECL  test  will  be  the  first  opportunity  to  test  the  ability  of  the 
Arc  Sector  Refrigerator  to  deliver  cyrogens  to  magnets  a 
couple  hundred  feet  underground  in  a  controlled  manner  to 
cool  down  and  operate  a  part  of  the  Collider  lattice. 

IV.  SUMMARY 

The  ASST  is  an  operating  test  facility  for 
superconducting  magnet  strings  at  the  SSCL.  Two  test  runs 
have  been  completed  using  prototype  magnets  in  a  half-cell 


configuration.  The  test  group  has  a  comprehensive  and 
aggressive  test  program  planned  for  approximately  the  next 
three  years  using  a  full  ceil  configuration  erf  collider  prototype 
and  preproduction  magnets.  This  program  is  based  on  the 
requirements  and  priorities  established  by  the  Collider 
Machine  Group  with  input  from  the  technical  divisions.  The 
results  from  this  program  will  be  fed  back  into  the 
engineering  effort  for  the  superconducting  components  in  the 
accelerator  lattice  to  improve  their  operational  performance 
and  lifetime.  The  basic  Collider  test  program  will  culminate 
with  the  Early  Cryo  Loop  Test,  which  is  another  Ml 
milestone  for  the  SSCL.  At  this  point,  the  HEB  Machine 
Group  will  be  utilizing  the  ASST  surface  facility  to  conduct  a 
HEB  magnet  string  testing  program. 
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Parameter 

Value 

Number  of  Turns/octant 

16 

Cod  ID 

80  mm 

Design  Gradient 

71  T/m  at  5000  A 

Quench  Gradient 

107  T/m  at  7650  A 

Magnetic  Length 

1.11m 

Iron  ID 

109.2  mm 

Iron  OD 

266.7  mm 

ABSTRACT 

A  aeries  of  pre-production  superconducting  quad- 
ru poles  has  been  constructed  at  Brookhaven  National 
Laboratory.  These  magnets  have  an  operating  gradient 
of  71  Tksla/meter  with  a  coil  bore  of  80  nun.  The  eight 
magnets  are  exact  prototypes  of  the  quadrupoks  which 
will  be  ased  in  the  arcs.  These  magnets  were  tested  and 
measured  and  met  the  accelerator  specifications. 

1.  INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  will  be 
a  colliding  beam  facility  with  design  energy,  of  100  X 
100  GeV/u  for  ions  as  heavy  as  An.  The  necessary 
focusing  will  be  supplied  by  492  superconducting  main 
quadrupoks  and  72  superconducting  trim  quadruples. 
Of  these,  420  will  have  a  coil  inner  bore  of  80  mm,  and 
design  gradient  of  71  Tesla/meter  at  a  design  current  of 
5000  A.  The  two  accelerator /storage  rings  are  divided  into 
"regular  arcs"  and  intersection  regions.  The  arcs  contain 
278  quadrupoks  of  bore  80  mm  and  magnetic  length  1.11 
meters.  In  addition  the  insertion  regions  contain  144 
additional  80  mm  quadrupoks  with  lengths  ranging  from 
0.93  to  1.81  meters.  These  magnets  will  use  the  same 
superconducting  cable  and  mechanical  configuration  as 
the  dipoles. 

2.  DESIGN  CONSTRAINTS 

The  basic  machine  requirement  is  for  quadrupoles 
with  80  mm  bore  and  design  gradient  of  71  T/m.  Practi¬ 
cal  considerations  force  maximum  commonality  with  the 
dipole  magnets.  The  same  30  wire  copper  stabilised  NbTi 
superconductor  has  been  used.  Thus  the  quadrupole  op¬ 
erating  current  is  nominally  equal  (5000  A)  to  that  of 
the  dipoles  (the  quadrupoks  are  NOT  in  series  with  the 
dipoles).  Overall  parameters  are  specified  in  Table  1. 
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The  overall  mechanical  structure  is  very  similar  to 
that  of  the  dipoles;  the  single  layer  coil  is  spaced  from 
the  cold  iron  by  a  5  mm  thick  plastic(RX-630)  insulator 
which  incorporates  the  pole  spacers.  The  iron  collars 
are  compressed  and  keyed.  Thus  the  iron  serves  the 
purposes  of  both  return  yoke  and  mechanical  constraint. 
Mechanically,  the  iron  has  two  fold(dipok)  symmetry, 
allowing  the  use  of  the  same  press  and  techniques  for 
assembly  as  the  dipole.  Calculations  indicate  that  the 
coarser  features  of  this  symmetry  breaking  do  not  produce 
significant  field  perturbations.  Detailed  study  reveals  two 
problems: 

Pole  Motion  In  the  dipok  it  is  possible  to  key  the 
pole  directly  to  the  iron  because  during  assembly,  there  is 
no  relative  motion.  This  is  not  possible  with  a  two  part 
quadrupole  assembly.  The  system  used  in  these  magnets 
is  to  key  the  insulators  at  the  iron  joints;  during  assembly 
the  insulators  and  the  coils  slide  within  the  iron  until 
the  tabs  on  the  insulators  contact  the  iron.  This  is  leas 
accurate  and  more  complex  than  keying  directly  at  the 
poles. 

Iron  Deformation  The  necessary  prestress  is  ap¬ 
plied  with  the  iron  collars.  These  collars  bend  under  the 
applied  load  distorting  the  inner  circumference  and  the 
coil.  The  same  distortion  occurs  during  dipole  assembly, 
but  produces  dipole  symmetric  terms  which  axe  easily 
compensated  by  coil  design.  In  the  quadrupole  this  dis¬ 
tortion  produces  48,89,  ...  terms  which  can  not  be  easily 
compensated  for  in  the  coil  design. 

S.  MAGNETIC  FIELD 

The  magnetic  field  is  computed  with  a  combination 
of  analytic  techniques  for  the  coil  cross  section  and  finite 
element  codes  for  the  iron  yoke.  For  the  central  sec¬ 
tion  of  the  magnet,  the  allowed  harmonics(  2,6,10  0)  are 
readily  calculated.  Fig.  1  shows  the  calculations  and  the 
measurements  for  the  fundamental  and  the  first  allowed 
harmonic(see  appendix  for  definition  of  units  used).  The 
deviations  are  compatible  with  the  mechanical  uncertain¬ 
ties  (50  pm)  in  the  coil  at  4  K. 

The  central  harmonics  are  summarised  in  Table  2. 
Aside  from  the  octupole(b3)  only  the  sextupole(ba)  is  no¬ 
ticeable.  The  large  fluctuation  in  this  term  indicates  that 
it  is  due  to  some  random  variation  in  magnet  construc¬ 
tion. 
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Table  2i  Qndwpth  Catwl  Hunwia  Mcmwd(>mnt 
fat  QEB007-012)  and  Calculated.  Values  Measured  at 
3000  A,  up  ramp 
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mm 
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0 
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W 

mm 
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-8.732 

0.425 

V 

oi 

0 
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0.095 

be 

mm 

0.05 
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0 
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WM 

-1.50 

-1.762 
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W 

mm 

a.  Calc 

a*  ave 

wa.  n 
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mm 

0 

... 

G/A-cm 

mm 

0 

EM 

a,’ 

mm 

0 

-0.535 

0.730 

•a’ 

4 

0 

Ek£h3li 

0.188 

•4* 

6 

0 

0.332 

0.083 

as’ 

mm 

0 

0.143 

•6 

7 

0 

MEM 

0E50 

ar’ 

8 

0 

imMM 

beejb 

ae‘ 

9 

0 

T'TMBI 

0.018 

0210 

|  a...  see  discussion  of  octupole  moment  | 

4.  END  FIELDS 

The  ends  of  these  magnets  are  discussed  in  more 
detail  by  Kahn  et  al1.  The  Adds  have  been  caknlated 
with  two  different  numerical  integration  programs,  with 
rough  agreement.  There  is  significant  uncertainty  in  the 
shape  in  the  assembled  magnet,  in  addition,  one  end  of 
the  magnet  has  external  leads  and  cutouts  in  the  iron 
to  accommodate  the  leads.  The  fields  are  varying  over 
distances  comparable  to  the  coil  radius,  which  makes 
measurements  difficult.  The  measurements  have  been 
carried  out  with  a  rotating  coil  229  mm  long,  which 
is  stepped  through  the  magnet.  Fig.  2  compares  the 
calculations  with  the  rotating  coQ  measurements.  Even 
though  the  calculations  have  been  integrated  over  229 
mm  they  show  rapid  variations.  The  agreement  for  b5  is 
disappointing,  but  the  large  contribution  from  the  leads  is 
apparent.  The  cross  section  of  this  series  of  magnets  was 
adjusted  empirically  to  caned  the  b5  contribution  of  the 
leads,  so  that  the  total  would  be  ~  0.  The  calculations 
can  be  integrated  to  produce  full  length  harmonics.  The 
equivalent  measurements  are  done  with  a  2000  mm  long 
coiL  Table  3  presents  these  data.  There  are  significant 
random  b2/a2  and  b4/a4  contributions  from  the  ends. 
These  can  arise  from  differences  (~  2mm)  in  the  coil 
lengths  and  twisting  of  the  ends.  The  difference  for  b5  is 
due  to  the  discrepancy  for  tbe  central  section. 


Figure  1:  Central  Section  Fundamental(Bl)  and  First 
Harmonic(B5)  as  a  Function  of  Current,  Calculations  are 
Solid  Curves. 


Figure  2:  Comparison  of 229  mm  Coil  Measurement  and 
Calculations  for  length  of  magnet.  *  are  measurements, 
solid  lines  END3D  calculations.  Vertical  is  b»’, 
horisontal  is  mm,  the  central  region  has  been  compressed 
to  600mn|.  Dotted  lines  show  the  ends  of  the  straight 
section. 
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Tabla  Si  Qaadnpok  Integral  Harmonics  Measured(aven 
lor  QRB00T-012)  ud  Calculated.  Values  Measured  at 
3000  A,  ap  ramp 


Figure  Si  Quench  Currents  as  a  function  of  event 
number  for  these  quadrupoles.  Design  curreat(5000  A)  is 
indicated  with  dashed  line,  predicted  critical  current  limit 
is  shown  with  dotted  line.  Legend  identifies  which  of  the 
4  coils  in  magnet  quenched. 


APPENDIX 


5.  OCTUPOLE 

Mining  quadrupole(20)  and  dipole(lfl)  symmetries 
produces  octupok(40)  and  higher  4n  terms.  Substan¬ 
tial  octupoks  have  been  observed  in  all  RHIC  quadra- 
poles9.  In  the  process  of  clamping  the  coil  with  the  steel 
collars  the  collars  are  distorted.  Detailed  measurements  of 
this  distortion  have  been  made  on  a  larger  aperture  quad¬ 
ra  pole3.  These  show  that  the  inner  radius  is  reduced,  and 
that  the  angle  (nominally  ISO4)  swept  by  the  half  yoke  is 
increased.  This  appears  to  account  for  the  observed  oc- 
tupoie  in  the  130  mm  quadrupoles.  The  only  mechanical 
measurements  on  80  mm  magnets  are  on  dipoles.  Since 
the  assembly  technique  is  the  same,  these  are  used  to  cal¬ 
culate  the  octupole.  The  measured  deformation  is  150 
pm 

6.  QUENCH  PERFORMANCE 

The  quench  behavior  of  these  magnets  is  shown  in 
Fig.  3.  The  design  has  a  large  margin,  44%,  and  the 
worst  case  quench  is  22%  above  the  design  gradient.  The 
4,  critical  current  limiting  field  is  calculated  in  the  same 
way  as  for  dipoles,  where  it  gives  a  prediction  of  quench 
plateau  within  2%.  Interestingly,  these  quadrupoles  (and 
others  constructed  at  this  laboratory)  consistently  exceed 
this  limit  by  ~  10%.  The  training  may  be  due  to 
the  mechanical  constraints  on  the  leads.  This  will  be 
investigated. 


The  field  on  the  midplane  of  a  quadrapole  can  be 
expressed  as: 

By  =  Grad*Rref  b.*  x  10 ~*(*/Rref)u 
(the  cos(n+l)d  term) 

B,  =  Grad*Rref  a.’  x  10 ~A(z/Rref)m 
(the  sin(n+  1)0  term) 

Grad  =  Quadrapole  gradient  Rref  =  25  mm. 
With  this  definition,  the  “primed  units*  represent  the 
field  deviation  measured  at  a  radius  of  25  mm  as  parts  in 
10*  of  the  Gradient  field  at  25  mm. 
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Abstract --  Poiyimide  witb  epoxy  impregnated  glass  tape 
was  used  in  Fennilab  baseline  design  of  several  SSC  Collider 
dipole  magnets  which  were  used  in  the  SSC  Accelerator 
Systems  String  Test  (ASST).  Later  in  the  magnet  RAD 
program  several  magnets  were  built  using  conductor  insulation 
in  which  adhesive  that  cures  at  140°  C  was  coated  directly  on 
the  poiyimide  film.  Some  alternate  materials  for  coil  end  pans 
and  coil  winding  were  also  tested.  The  data  taken  during  the 
tests  of  these  magnets  are  compared  with  results  from  10-stack 
studies  of  the  two  insulation  systems  and  design  expectations 
and  correlated  with  changes  in  assembly  methods. 

I.  INTRODUCTION 

Fennilab  built  and  tested  several  long  (IS  meter)  and  model 
(1.S  meter)  collider  dipole  magnets  fra-  the  SSC  project,  based 
on  the  baseline  design  of  ASST.  The  mechanical  design  of  the 
2D  cross  section  is  discussed  in  detail  in  [1,2],  The  return  yoke 
of  all  SO  mm  aperture  SSC  dipoles  built  at  FNAL  were 
vertically  split  This  gives  support  to  the  horizontal  mid-plane 
under  all  conditions  and  the  collar  deflections  are  minimized 
under  Loren tz  (IxB)  force  [1],  The  inner  (outer)  coils  are  made 
of  30(36)  strand  NbTi  cable  with  six  micron  filament  diameter. 
Several  extensions  to  the  baseline  design  were  incorporated 
into  last  S  short  and  last  4  prototype  SSC  dipoles.  The  primary 
purpose  of  these  magnets  was  to  study  the  effect  of  alternate 
insulation  schemes,  various  coil  end  part  designs  and  variation 
in  manufacturing  parameter  on  the  performance  of  magnets 
under  cryogenic  conditions.  The  choice  of  alternate  parts  was 
considered  to  find  ways  that  are  more  conducive  for  mass 
production  of  SSC  magnets  and  to  demonstrate  the  alternatives 
to  present  manufacturing  techniques  without  altering  the 
existing  design.  Some  important  factors  in  the  selection  of  all 
poiyimide  insulation  and  changes  in  other  magnet  parameters. 


included  their  effect  on  the  coil  crossection,  magnetic  field, 
quench  and  mechanical  behavior  of  the  magnet  A  strong 
insulation  is  needed  on  the  coils  to  avoid  turn  to  turn  shorts. 
Fennilab  magnet  program  for  SSC  used  poiyimide.  with  and 
without  glass  tape,  in  combination  with  adhesives  which 
cured  at  low  temperatures  as  compared  to  the  melting 
poiyimide  insulation  system  of  CDM  baseline  design.  By 
using  lower  curing  temperature,  fra  the  coils,  it  is  possible  to 
avoid  the  eddy  current  heating  related  to  ramp  rate  sensitivity 
of  these  magnets.  So,  an  insulation  system  with  lower  curing 
temperature  is  desirable.  As  a  backup,  some  insulation 
schemes  without  glass  tape  were  tested  in  last  nine  magnets 
built  at  Fermilab.  Poiyimide  is  more  homogeneous  so  it  is 
easier  to  handle  fra  mass  production  of  coils.  The  elimination 
of  glass  tape  makes  the  coil  smaller.  So,  another  conductor 
turn,  could  be  added  to  the  coil  which  could  increase  the 
current  density  and  thus  the  field.  Cryorad  adhesive  has  a  high 
resistance  to  radiation.  It  was  tested  in  two  model  magnets. 
Several  materials  and  techniques  were  studied  for  mass 
production  of  coil  end  parts  [Table  I].  This  paper  outlines 
some  of  the  advantages  and  disadvantages  of  the  above 
variations.  The  mechanical  behavior  of  magnets  using  all 
poiyimide  insulation  is  correlated  with  changes  in  the  magnet 
design  and  assembly  methods. 


fl.  INSULATION  SYSTEMS 

In  Fermilab  baseline  design  the  collars  are  designed  to 
position  the  conductors  as  determined  by  the  magnetic  field 
without  the  use  of  pole  shims  [2].  Due  to  thin  poiyimide  the 
desired  coil  size,  after  curing,  carefully  calculated  pole  shims 
and  brass  shims  on  all  copper  wedges  had  to  be  applied.  The 
preload  in  the  coil  is  created  by  the  oversize  pressure  of  the 


TABLE  L  Salient  Features  of  Later  Model  Collider  Dipoles  Built  by  Fennilab 

RTM=molded  keys  and  saddles:  1  a  Spaulding  part:  2  =  Amoco  Tor  Ion  5030  with  30%glass  fiber  part:  3  *  Cryorad  part: 


Magnet 

End  Parts 

WmSSSSSnSm 

Coil  Insulation 

Inner/Outer 

DSA330 

DSA332 

DSA333 

G-10CR+RTM-(1) 
G-lOCR-as  ASST 
G-10CR+RTM-(2) 

0/+0.25 
0/+0.51 
+0.09  /  +0.2 

2H+butt  LT  one  side  /  2H+2LT  one  side -scotch  2290  adhesive 
2H+butt  LT  one  side  /  2H+2LT  one  side 

2H+butt  LT  both  side  /  2H+2LT  both  side 

DSA331 

DSA334 

G-lOCR-as  ASST 
G-10CR+RTM-(3) 

Lo  Inner+0.13 /0 
0/+0.20 

Apical  film  witb  Cryorad  adhesive;  cured  at  140-14S^C 

3NP  one  side  /  2NP  one  side+2NP  one  side 

2NP+butt  NP  both  side  /  2NP+2NP  both  side 

DC  A  320 
DCA321 

G-lOCR-as  ASST 
G-lOCR-as  ASST 

<r>  cn 

o  o 

2H+butt  LT  one  side  /  2H+2LT  one  side-scotch  2290  adhesive 
2H+butt  LT  one  side  /  2H+2LT  one  side 

IotE/SjI 

G-lOCR-as  ASST 
G-lOCR-as  ASST 

0/0 

0/0 

2NP+butt  NP  both  side  /  2NP+2NP  both  side-2290  adhesive 
2NP+butt  NP  both  side  /  2NP+2NP  both  side 

Work  Supported  by  the  U.S.  Department  of  Energy,  coil  against  the  collar.  Therefore  the  measured  relationship 
Manuscript  received  on  May  17, 1993.  between  the  coil  and  shim  size  with  that  of  prestress  was  used 
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to  determine  die  correct  molded  coil  size  [6] .  The  coil  size  was 
carefully  made  to  have  the  same  characteristics  as  Fermilab 
baseline  design  magnets. 

Polyimide  Insulation  System  With  and  Without  Glass  Tape 

The  polyimide  insulation  system  with  glass  tape  consists  of 
a  layer  of  0.025mm  x  9.5mm  Kapton  type  H  film  overlapped 
by  50%  surrounded  by  one  layer  of  0.1mm  x  9.5mm  glass  tape 
impregnated  with  B -stage  epoxy.  The  coils  were  cured  at 
135°C.  It  was  successfully  used  on  Fermilab  built  ASST 
magnets  winch  showed  very  little  training  [5,8,7]. 

Low  temperature  curing  insulation  system  without  glass 
tape  was  used  with  different  combinations  of  end  parts  and 
shimming  on  last  9  magnets  [Table  1,3].  The  insulation 
variations  used  on  these  magnets  included  polyimide  only  and 
its  equivalent  (Apical)  cable  insulation  films  of  thickness 
0.025  mm  x  9.525  mm(0.001  in  x  0.375  in).  The  variation  in 
thickness  of  polyimide  films  of  different  kinds  is  not 
significant,  but  presence  of  glass  tape  in  insulation  scheme  has 
a  large  effect  on  curing  pressure.  The  thickness  of  glass  tape  is 
3.5  mil/layer  which  correspond  to  2.6  times  of  Kapton.  In  the 
absence  of  glass  tape  as  part  of  the  insulation,  the  coil  size 
becomes  smaller  for  a  given  pressure.  The  observed  effect  of 
creeping  of  all  polyimide  insulation  is  about  twice  as  normal 
"Kapton  with  glass"  insulation,  and  it  is  comparable  to  the  10- 
stack  data  [5].  Studies  show  that  the  thermal  contraction  and 
creeping  of  all  polyimide  is  higher  as  compared  to  other 
insulation  systems  that  were  tested  [7].  So,  there  is  a  large 
dynamic  range  for  the  cured  coil  size. 

The  loss  in  coil  pressure  after  curing  (coil  creep)  can  be 
reduced  by  using  lower  number  of  polyimide  insulation  layers. 
Due  to  thinner  insulation,  the  coils  were  smaller  radially  and  in 
azimuth.  The  poles  were  shimmed  using  adhesive  backed 
polyimide,  and  copper  field  wedges  were  shimmed  with  thick 
brass  to  make  up  the  difference  in  coil  size  [3].  Despite  the  use 
of  thinner  insulation,  the  incidents  of  turn  to  him  shorts  in 
magnets  with  all  polyimide  insulation  were  not  any  greater 
than  magnets  with  polyimide  and  glass  tape  insulation. 

ffl.  END  PARTS 

Several  processes  and  materials  were  considered  for  end 
parts  of  the  magnets  for  their  cost  effectiveness,  ease  in 
production,  uniformity  and  quality,  their  strength  and  radiation 
resistance.  Fermilab  baseline  design  for  magnet  ends  uses  a 
collet  clamping  system,  consisting  of  a  metal  can  which 
clamps  four  azimuthal  G-10CR  insulating  blocks  around  the 
coil  to  provide  prestress  for  the  end  region  [2].  Several 
materials  were  molded  into  end  parts  except  the  collets.  The 
details  on  combination  of  end  parts  used  on  model  magnets 
using  all  polyimide  are  given  elsewhere  [3,  Table  11- 

Resin  transfer  molding  (RTM),  compound  transfer  molding 
(CTM)  and  injection  molding  processes  were  investigated  for 
use  in  end  parts.  The  keys  and  saddles  on  some  magnets  [Table 
I]  mid  test  coils  [8]  were  made  using  RTM.  It  turns  out  that  end 
parts  made  with  RTM  with  fiber  glass  preform  are  stronger 
than  CTM  parts  because  in  RTM  the  fibers  are  aligned  in  a 
direction  to  give  maximum  strength.  Although  G-10CR  has  the 
highest  flexural  strength  and  despite  the  production  complexity 
of  machining  G-10CR  end  parts  the  tooling  is  least  expensive 
for  this  process,  molding  process  is  a  better  way  of  mass 


producing  the  end  parts  than  machining  them  [8]  particularly 
when  a  large  number  of  magnets  are  to  be  manufactured. 

DSA333  end  parts  were  machined  out  of  Torion  injection 
molded  tubes.  The  quench  behavior  of  this  magnet  indicates 
that  the  bonding  between  the  end  parts  and  the  coils  might  not 
have  been  ideal.  The  epoxy  used  to  bond  the  end  parts  with 
coil  seemed  to  cure  very  well  but  its  behavior  at  cryogenic 
temperatures  is  not  well  understood. 

Aluminum  is  a  material  of  choice  for  the  outer  end  cans.  It 
is  cheaper  to  make  and  it  has  a  higher  coefficient  of  thermal 
contraction  which  allows  it  to  shrink  more  at  cryogenic 
temperatures. 

IV.  COLD  TEST  DATA 

Fermilab-built  magnets  are  instrumented  with  voltage  taps 
for  quench  localization.  The  strain  gages  located  in  the  collars 
measure  azimuthal  stress  between  the  collars  and  the  coils. 
Four  end  force  gages  were  used  to  measure  the  coil  pressure  on 
end  plate  due  to  differential  thermal  contraction  during 
cooldown  and  the  Lorentz  force  due  to  magnet  excitation. 

Tests  at  liquid  helium  temperatures  were  performed  on  both 
long  and  short  dipoles.  Model  magnets  were  tested  in  a  3.6  m 
vertical  dewar  and  long  magnets  were  cryostated.  The  strain 
gages  on  all  magnets  measured  absolute  stress  at  4K  [2,3].  Coil 
pressures  were  monitored  throughout  the  cooldown  and 
magnet  excitation.  The  desired  prestress  was  achieved  on  all 
magnets.  This  was  possible,  by  careful  handling  of  the  process, 
even  when  the  glass  tape  was  eliminated  from  the  insulation 
system.  If  a  layer  of  thick  polyimide  was  used  instead,  a  large 
pressure  drop  coukl  have  occurred  upon  cooldown  due  to  high 
thermal  shrinkage  of  insulation.  The  prestress  loss  due  to 
cooldown  is  a  fraction  of  a  collared  coil's  initial  (295K) 
pressure  [3,7].  The  change  of  pressure  due  to  thermal 
contraction  during  cooldown  were  higher  for  the  inner  coils 
(Fig.  1)  than  for  the  outer  coils  (3,7).  There  were  some 
unusual  behaviors  which  can  be  attributed  to  manufacturing 
processes. 


Figure  1:  Prestress  loss  due  to  cooldown  vs  coil  pressure 
before  cooldown  for  Fermilab  built  magnets  for  the  SSC. 

V.  EXCITATION  BEHAVIOR 

The  absolute  loss  in  inner  coil  pressure  of  Fermilab  model 
and  prototype  magnets  at  7  kA  is  shown  in  Fig.  2  The  magnets 
with  higher  prestress  tend  to  lose  more  pressure  during  magnet 
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excitation.  The  pressure  loss  characteristics  were  maintained  in 
all  magnets  due  to  cooldown  and  excitation  (3].  Any  unusual 
excitation  behavior,  such  as  DC  A3 11,  can  be  easily  observed. 
DC  A3 11  shows  higher  than  average  loss  upon  excitation, 
although  the  prestress  is  not  very  high.  This  unusual  change  in 
inner  coil  pressure,  with  excitation,  is  attributed  to  the 
diminishing  support  of  the  collars  from  the  yoke.This  is 
because  the  yoke  laminations  on  DC  A3 11  were  chevrooed  due 
to  loose  packing. 
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Figure  2:  Absolute  pressure  loss  in  inner  coils  as  a  Junction  of 
initial  coil  pressure 


The  pole  stress  on  all  magnets  remains  positive,  during 
excitation,  and  there  is  no  sign  of  unloading  [3,5,9]  at  7  kA.  By 
maintaining  the  coil  crossection  for  all  magnets,  there  does  not 
seem  to  be  any  noticeable  difference  in  their  excitation 
behavior  due  to  different  types  of  insulation. 

The  magnet  is  partially  supported  in  the  axial  direction  at 
each  end  by  sets  of  four  bullet  load  slugs  with  strain  gages. 
The  end  force  measured,  by  the  bullet  gages,  increases  in 
proportion  to  current  squared.  Fig.  3  shows  the  total  end  force 
experienced  by  the  long  and  short  magnets  during  excitation. 
The  longitudinal  force  in  the  end  is  expected  to  increase  by 
approximately  10-15  %  of  the  total  electromagnetic  force 
when  the  magnet  is  at  6.6T  [9].  The  total  end  force  is  estimated 
at  3  kN  /  (kA)2.  This  is  a  small  fraction  of  the  total 
electromagnetic  force  in  the  coil,  as  most  of  the  axial  force  is 
transferred  to  the  shell  through  friction  between  collar  and 
yoke.  End  force  is  highly  dependent  on  the  collar-yoke 
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Figure  3:  End  force  at  7kA  vs  initial  end force  at  zero  current. 


interaction.  Any  unusual  response  is  obvious,  e.g.,  DC  A3 11 
shows  very  little  end  force,  at  7  kA,  than  expected  because  of 
smaller  collar-yoke  interaction  as  explained  earlier.  Bullet 
gage  preloads  changed  over  thermal  cycle  in  some  magnets, 
but  these  changes  did  not  affect  the  quench  performance  of 
Fermi  lab  vertically  split  yoke  magnets,  as  they  have  tight 
collar-yoke  interaction. 


VI.  CONCLUSION 

Quench  performance  of  some  of  the  magnets  was  not  so 
stable  [9].  This  could  have  been  due  to  too  many  shims, 
insulation  itself  or  it  could  also  be  associated  with 
manufacturing  process.  A  slight  modification  in  manufacturing 
process  can  affect  the  magnet  performance,  as  observed  in 
some  magnets  with  two  piece  pole  end  key  [3].  Magnets  with 
all  polyimide  film  insulation  need  to  be  studied  more  to  fully 
understand  their  behavior.  We  have  shown  that  "thinner 
insulation  without  glass  tape"  with  low  curing  temperature  can 
be  used  successfully  in  SSC  collider  dipoles.  One  of  the 
magnets  of  this  series  DCA322  (all  polyimide)  was  tested  at 
1.8K  at  about  9.5  Tesla,  showing  the  Fermilab  design  to  be 
robust  This  gives  a  confidence  in  the  mechanical  design  and 
the  choice  of  insulation  for  Fermilab  built  magnets.  This  is 
very  promising  for  SSCs  future  and  a  success  of  2D  design. 
Thermal  contraction  and  coil  relaxation  is  an  important  design 
issue  for  magnets  with  all  polyimide  insulation  with  no  glass 
tape.  It  is  important  to  use  as  little  insulation  as  possible 
without  risking  turn  to  turn  breakdowns. 

We  would  like  to  acknowledge  the  work  of  many  engineers 
and  technicians  who  made  it  possible  to  present  these  results. 
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Abstract 

At  present  NI1EFA  is  designing  superconducting  correc¬ 
tion  magnets  for  UNK.  UNK  magnetic  field  correction 
system  includes  about  1500  various  correction  windings: 
dipole,  quadrupole,  sextupole  and  octupole.  The  mag¬ 
net  consisting  of  3  concentric  saddle  type  multipole  coils 
with  common  iron  yoke  (uipooLpieetPtype)  was  selected 
as  basic  one.  Each  of  the  correction  coils  has  the  next 
optical  force:  sextupole — 600  (T/m3)-m,  quadrupole — 5.5 
(T/m)-m,  dipole — 0.68  T-m,  Tbtal  length  is  about  1.6  m, 
operating  current  <20  A.  The  4  full  scale  models  of  the 
baric  correction  magnet  with  different  types  of  conductors 
and  various  technique  of  winding  have  been  built.  This  re¬ 
port  describes  the  main  design  parameters  of  models  and 
the  particulars  of  their  construction.  The  results  of  man¬ 
ufacturing  and  tests  (quench  behavior  and  magnetic  field 
measurements)  are  discussed. 

L  INTRODUCTION 

The  baric  element  of  magnetic  field  correction  system  of 
second  UNK  stage  is  a  superconducting  corrector  with 
70mm  diameter  aperture.  It  has  3  correction  windings: 
dipole  is  to  correct  the  orbit,  quadrupole  is  to  correct  the 
betatron  frequencies  and  sextupole  is  to  correct  the  chro- 
matidty  and  to  compensate  the  sextupole  errors  from  the 
main  dipoles.  These  windings  has  optical  forces  of  0.68 
T-m,  5.5  (T/m)-m  and  600  (T/m3)-m  accordingly.  The 
“spool-piect?  conception  [1]  was  chosen  as  basic.  A  gabarit 
size  limitations  and,  particularly,  low  operating  current 
(<  20A)  had  led  to  the  necessity  of  preliminary  modelling. 
Fbur  full-scale  models  of  the  correction  magnet  SCM-1  (3 
models),  SCM-3  and  SCM-4  with  different  construction  of 
the  coils  has  been  designed,  built  and  tested.  About  400 
correction  magnets  will  be  made  for  the  second  UNK  stage 


and  therefore  the  big  attention  was  paid  to  the  fabrication 
technique  in  series  production  conditions. 

II.  THE  MAIN  PARAMETERS  AND 
ASSEMBLY  OF  MAGNET 

Except  the  difference  of  coils  design,  all  three  models  were 
the  same  arrangement  and  similar  construction.  They  con¬ 
sist  of  3  concentric  saddle  shaped  windings  enclosed  in 
the  common  cylindrical  laminated  iron  yoke  with  helium 
channels  on  its  outer  surface.  The  4mm  stainless  steel 
shell  makes  outer  wall  of  helium  vessel  and  serves,  at  the 
same  time,  as  mechanical  bandage.  The  cross-section  of 
the  models  is  shown  in  figure  1. 

Superconducting  wire  parameters  are  given  in  table  1. 


lfcbie  1:  Parameters  of  wire 


Diameter  of  wire  (mm) 

0.3 

Superconductor 

NbTi  alloy 

Matrix 

Cu 

Cu  /  NbTi  ratio 

1.7 

Number  of  filaments 

150 

Diameter  of  filament  (m) 

15 

R300/R4.3  ratio 

>100 

Critical  current  density  at  5  T  (A/m2) 

(2.0-2.2)10* 

Critical  current  at  5  T  (A) 

52-57 

Chosen  wire  has  a  big  margin  of  the  critical  current  (op¬ 
erating  current  of  all  models  is  between  1 2-20  A  in  the  field, 
up  to  1.3  T).  It  had  been  done  to  avoid  the  training  up  to 
operating  current  that  was  one  of  the  main  requirements. 

The  main  dimensions  of  models  are  given  in  table  2. 

In  table  2  the  turns  density  is  a  number  of  turns  per  unit 
of  the  coil  cross-section.  The  meanings  of  the  short  sample 
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Figure  1:  Cron-section  of  SCM  models.  1 — sextupole  coil, 
2 — quadrupole  coil,  3 — dipole  coil,  4 — laminated  iron  yoke, 
5 — helium  channels,  6 — helium  vessel  shell 


limit  are  given  for  the  joint  ramping  of  all  three  windings 
(in  more  detail  see  below). 

The  electrical  and  magnetic  parameters  are  presented  in 
table  3. 

After  winding  the  coils  were  pressed  to  the  design  dimen¬ 
sion  and  were  cured  at  the  temperature  of  160®  C  .  The 
fixation  of  the  windings  one  about  another  was  achieved 
with  the  advance  assembly  of  the  coils  in  the  semi-blocks 
consisting  of  three  sextupole,  two  quadrupole  and  a  dipole 
coils.  Complete  coils  were  assembled  in  the  semi-block  on 
the  cylindrical  mandrel  with  epoxy  impregnated  ground  in¬ 
sulation.  Then  semi-blocks  were  pressed  relatively  to  the 
middle  plane  of  the  package,  were  cured  again  and  assem¬ 
bled  in  the  winding  package.  The  top  view  of  the  winding 
package  are  displayed  on  figure  2. 

Laminated  iron  yoke  was  made  of  the  stamped  mag¬ 
netic  steel  sheets,  which  in  advance  were  set  up  in  the 
100  mm  long  semi- packages  and  were  welded  on  outer  sur¬ 
face.  Semi- packages  of  the  iron  yoke  were  assembled  on 
the  complete  winding  package,  pressed  along  the  vertical 
axis  by  the  pressure  of  150  kg/cm3  and  then  welded  with 
two  seams  in  the  middle  plane  of  the  package.  Coil  con¬ 
nections  were  made  at  the  top  flange  of  the  magnet  after 


Table  2:  Main  dimensions  of  models  (mm) 


Dimension 

Sextu- 

Quadra- 

Dipole 

pole 

pole 

COILS: 

Inner  radius 

40.0 

46.5 

49.9 

Outer  radius 

46.2 

49.6 

56.1 

Angle  dimension  (grad) 

20.8 

27.8 

58.9 

Ibtal  length 

1370 

1290 

1190 

Straight  length 

1320 

1220 

980 

Coils  per  magnet 

6 

4 

2 

Sections  per  coil 

8 

(SCM-1  only) 

l 

4 

Layers  of  ribbon  per  coil 
(SCM-3  only) 

Turns  per  con: 

37 

58 

131 

SCM-1 

624 

408 

1760 

SCM-3 

592 

464 

1965 

SCM-4 

384 

266 

1260 

Turns  density  (1/cm3) 

SCM-1 

7.3 

SCM-3 

6.2 

SCM-4 

IRON  YOKE: 

3.8 

Inner  radius 

56.9 

Outer  radius 

84.0 

Ibtal  length 

1400 

MAGNET: 

Total  diameter 

176 

Ibtal  length 

1440 

Figure  2:  Top  view  of  the  winding  package.  1 — sextupole 
coil,  2 — quadrupole  coil,  3 — dipole  coil,  4 — current  leads 


assembly.  Separate  wire  were  twisted  together,  wrapped 
with  the  thin  copper  wire  and  then  soldered. 

The  coil  resistance  measurements  and  testings  of  the 
ground  insulation  had  made  after  each  operation  during 
of  the  manufacturing  and  assembly. 


2773 


Table  3:  Electrical  and  magnetic  parameters  of  models  (SCM-1/SCM-3/SCM-4) 


Parameter 

Units 

KH 

■KSh 

■SB 

Optical  force 

MW  Hi 

600 

Centre  field  (gradient) 

fillip 

448 

4.37 

0.59 

Operating  current 

A 

12.2/13.0/20.0 

11.7/10.4/18.5 

13.1/12.5/20.8 

Short  sample  limit 

A 

54/56/69 

Constructive  current  density 

0.90/0.80/0.80 

0.96/0.66/0.67 

0.96/0.73/0.75 

Inductance  (calculated) 

H 

3.7/3.2/1.4 

1.4/1.9/0.6 

15.5/18.8/6.8 

Active  resistance  at  300  K 

(measured) 

kft 

3.4/3.4/2.4 

1.5/0.9/1.1 

3.2/3.8/2.S 

Stored  energy 

kJ 

0.27 

0.10 

1.4 

III.  PARTICULARITIES  OF  THE  COIL 

DESIGN 

A.  SCM-1 

The  coil  consists  of  the  several  sections  with  square  cross- 
section.  This  approach  allows  to  receive  the  more  regular 
distribution  of  the  turns  in  the  coil.  Each  section  was  ran¬ 
dom  wound  by  the  single  wire  with  2S  fan.  polyamidimide 
enamel  insulation  in  the  separate  flat  mandrel.  During  the 
winding  the  wire  was  put  through  the  bath  with  epoxy 
resin.  After  the  winding  the  section  was  pressed  to  the 
design  dimension,  formed  on  the  cylindrical  mandrel  and 
cured.  After  that  the  complete  sections  were  assembled 
together  around  the  central  G-10  former.  Then  separate 
sections  were  connected  seriesly. 

The  experience  of  the  two  models  SCM-1  shown  that 
this  technique,  on  the  whole,  allows  to  make  the  magnets 
corresponding  to  presented  requirements.  However,  it  is 
sufficiently  complicated  and  difficult.  Besides,  it  was  no 
possible  to  avoid  completely  of  the  turn  shorts,  which  were 
observed  in  approximately  10%  of  sections. 


JB.  SCM-4 

In  the  model  SCM-4  for  the  elimination  of  the  turn 
shorts  was  used  the  wire  with  combined  insulation — 15  ion. 
polyamidimide  enamel  and  50  y.m  fiberglass  braid.  The  coil 
was  all  random  wound  in  the  cylindrical  mandrel  around 
G-10  former.  In  other  respects  the  winding  and  assembly 
process  was  just  the  same  as  in  the  model  SCM-1. 

Application  the  add  insulation  allowed  to  exclude  the 
turn  shorts.  Unfortunately,  in  this  case  we  had  to  decrease 
the  turn,  density  comparing  with  the  model  SCM-1  (see 
table  2)  and  to  increase  the  operating  current  till  the  lim¬ 
ited  meaning  of  20  A.  Besides  the  random  winding  brought 
to  the  nonuniformity  of  the  turns  distribution  on  the  coil 
cross-section  (especially  in  dipole  coil),  therefore  even  af¬ 
ter  pressing  and  curing  the  coil  is  very  friable  and  needs  in 
vacuum  impregnation  and  special  equipment  for  it. 


C.  SCM-3 

One  of  the  ways  to  reach  the  regular  turns  distribution 
is  a  winding  with  the  ribbon  conductor  [2].  Ribbon  has 
the  width  equal  to  the  radial  coil  thickness  and  consists 
of  several  parallel  secured  wires  which  are  connected  se¬ 
riesly  on  the  coil  end.  In  the  model  SCM-3  the  coils  were 
wound  with  the  ribbon  conductor  that  was  made  in  original 
method.  The  ribbon  was  made  with  the  binding  a  num¬ 
ber  of  parallel  wires  by  the  polyimide  thread  with  foDow- 
ing  impregnation  with  the  small  number  of  polyamidimide 
varnish  and  curing  for  making  ribbon  stability  during  of 
the  winding.  The  ribbon  wires  has  the  increasing  diameter 
from  the  inner  to  outer  edge  of  the  ribbon  to  compensate 
increasing  of  the  coil  angle  length  from  the  inner  radius 
to  outer.  The  ribbon  for  the  dipole  and  aextupole  coils 
consisted  of  16  wires,  and  for  quadrupole — of  8. 

The  coils  of  the  model  SCM-3  were  made  like  its  of  model 
SCM-4.  After  the  curing  the  separate  wires  were  joined 
seriesly.  The  construction  of  series  connection  is  similar  to 
the  described  in  above. 

The  use  of  the  ribbon  conductor  speeds  up  the  winding 
process  much  and  allows  to  increase  the  turns  density  in 
about  1.6  times  as  compared  with  the  random  winding. 
Polyimide  thread  securing  the  separate  wire  in  the  ribbon, 
make  the  additional  insulating  distances  between  its,  that 
allows  to  exclude  the  turns  shorts.  At  the  same  time  they 
make  the  coils  “transparent  for  the  penetration  of  epoxy 
resin.  One  can  suppose  that  it  will  make  possible  to  receive 
the  monolithic  coils  without  vacuum  impregnation.  On  the 
whole,  one  can  say  that  the  winding  of  the  coil  with  the 
ribbon  conductor  is,  perhaps,  the  most  preferable  of  all 
testing  variants. 


IV.  THE  TESTS 

The  models  were  tested  in  a  3  meter  long  vertical  cryostat 
at  4.2  K.  SCM-1  and  SCM-4  models  were  cooling  twice  and 
SCM-3 — one  time. 
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Abstract 

The  quench  voltage,  especially  the  turn-to-turn  voltage, 
and  the  maximal  temperature  rise  due  to  the  quench  in 
50-mm-aperture  Superconducting  Super  Collider  collider 
correctors  are  calculated  for  various  currents.  The  calculation 
shows  a  lower  copper-to-superconductor  ratio  gives  a  lower 
quench  voltage  and  a  lower  temperature  rise  as  the  result  of 
much  higher  heat  capacity  of  the  superconducting  material  and 
lower  copper  resistivity  at  lower  temperature.  It  also  shows  that 
when  the  copper  to  superconductor  ratio  is  2.2  to  1,  each 
individually  powered  magnet  is  self-protected,  and  for  the 
series  of  24  correctors  that  are  powered  together  in  the  collider, 
a  parallel  2Q  resistor  on  each  magnet  will  provide  needed 
protection.  The  energy  loss  on  these  resistors  during  powering 
up  is  less  than  5%  of  the  energy  stored  in  the  magnet  at  the 
operating  current 

I.  INTRODUCTION 

When  a  quench  occurs  in  a  superconducting  coil,  the 
normal  zone  starts  to  grow  so  that  the  resistance  of  the  magnet 
increases  until  all  the  stored  electro- magnetic  energy  has 
dissipated  through  the  ohmic  headng[l].  This  process  causes 
temperature  rise  and  high  voltage  in  the  coil.  Can  the  quenches 
in  the  current  Superconducting  Super  Collider  (SSC)  collider 
corrector  design  damage  the  superconducting  windings? 

In  answering  this  question,  we  first  study  how  the  normal 
zone  grows  in  the  coil  windings  under  the  adiabatic  assumption 
to  find  the  way  for  calculating  the  time-  and  geometry- 
dependent  coil  resistance.  Rmag(t)-  Then  we  use  a  computer  to 
simulate  the  electric  circuit  that  includes  the  quenching  magnet 
with  the  resistance.  Rmag(t)-  Finally,  some  suggestions  on  the 
quench  protections  will  be  made  for  the  cases  where  excessive 
heat  and/or  voltage  are  expected  by  the  simulation  results. 

n.  NORMAL  ZONE  GROWTH 
AND  ITS  RESISTANCE 

A  typical  cross  section  of  the  SSC  collider  corrector 
winding  is  rectangular,  as  shown  in  Figure  1.  The  area  of  each 
unit  cell  is  A.  The  longitudinal  (along  the  z-direction)  normal 
zone  growth  velocity,  v?,  is  determined  by  the  thermal 
properties  of  the  metal  part  of  the  coil:  it  also  depends  on  the 
current  and  conductor  packing  density  (1][2][3].  The  transverse 
velocity,  vt,  is  much  smaller  than  the  longitudinal  one  because 
of  the  much  lower  heat  conductivity  of  the  insulation.  The  ratio 
between  the  two  is  [1] 
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Figure  1.  Typical  section  of  coil  winding  in  SSC  collider 
correctors. 

where  (yCV  and  are  the  volumetric  heat  capacity 

averaged  over  the  whole  coil  cross  section  and  the  metallic 
constituents  only,  respectively;  k,  is  the  transverse  thermal 
conductivity  determined  by  the  insulation;  and  A)  is  the 
longitudinal  one  mainly  contributed  from  the  copper  and  NbTi 
constituents,  a  is  around  0.02~0.03  for  these  corrector  coils. 

Therefore,  at  any  time  r  after  a  quench  starts  at  time  t-0, 
the  normal  zone  is  a  rotating  ellipse  centered  at  the  quench 
starting  point.  The  rotating  axis  is  longitudinal  before  it  hits  any 
coil  boundary,  or  its  two  ends  meet  in  one  of  the  three  directions 
[4].  The  long  axis  of  the  elliptic  is  i nt  and  the  two  short  ones  are 
Otvtr.  When  a  coil  boundary  is  encountered  or  two  normal  zone 
ends  meet,  the  normal  zone  stops  its  growth  on  that  direction, 
but  continues  on  the  other  directions  until  the  stored  energy  is 
exhausted  or  the  whole  coil  turns  normal,  whichever  comes 
fine  The  resistance  R(t)  of  this  normal  zone  at  any  given  time 
t>0  is  evaluated  by  dividing  the  whole  region  into  subregions 
according  to  their  quenching  time  f  and  a  small  time  interval 
A  t.  When  the  coil  boundary  is  not  involved,  each  subregion  is  a 
shell  in  the  rotating  elliptic,  with  long  axis  vj/'  and  shell 
thickness  v;At  on  that  direction.  The  MUTS  value. 


MIITS 


is  computed  for  each  subregion.  A  comparison  of  this  MUTS 
value  to  the  temperature- MDTS  tables  for  the  copper  and  NbTi 
with  the  given  RRR  (residual  resitivity  ratio)  value  [5]  is  made 
to  get  the  temperature  rise  in  this  subregion.  The 
semi-empirical  expression  of  the  copper  resistivity  for  the 
temperature  range  0—  lOOOK  [5], 

DDD\  —  1.545  . 


p(T,RRR) 


.  RRR 


1 2.32547  X  10*  ,  9.57137  x  1Q3  ,  1,62735  x  10^  ' 

Ip  p  t  J  ■ 

is  invoked  to  find  the  resistance.  A  summation  of  the  subregion 
resistance  over  the  normal  zone  is  carried  out  to  provide  the 
magnet  resistance,  Rmag( 0-  _ „ _ _ 
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Note  that  the  adiabatic  assumption  has  been  used 
throughout  the  (seceding  calculation.  There  is  no  heat 
conducted  out  of  the  coil.  Inside  the  coil,  beat  is  also  absorbed 
to  produce  the  normal  zone  growth,  but  this  latent  heat  is  not 
deducted  when  the  temperature  rise  of  the  conductors  is 
evaluated.  So  an  overestimate  of  temperature  rise  and 
resistance  of  the  normal  zone  is  expected  from  this  procedure. 

m.  QUENCH  CIRCUIT  SIMULATION 

The  method  to  calculate  the  resistance  of  the  corrector 
magnet  coil  during  a  quench  was  worked  out  in  the  previous 
section.  One  other  important  electric  parameter  is  the 
inductance  of  dm  magnet.  We  use  PE2D1  to  do 
two-dimensional  field  analysis  and  stored  energy  calculation 
for  different  currents.  The  circuit  in  Figure  2  is  for  a  magnet 
powered  individually.  When  a  quench  is  detected,  the  switch  is 
closed  and  the  power  supply  is  shut  down.  Usually  a  quench 
detection  has  a  few  millisecond  delay  to  the  quench  itself, 
compared  to  the  100  ms  to  200  ms  for  the  whole  quench  time 
scale.  This  delay  can  be  treated  as  zero  without  any  significant 
impact  on  the  results.  The  switch  also  can  be  replaced  by  a 
diode  that  introduces  —0.6  V  voltage  across  the  diode,  but  that 
voltage  can  be  ignored  compared  to  the  hundreds  to  thousands 
of  volts  inside  the  magnets  across  the  normal  resistance  zone. 


Figure  2.  Quench  circuit  for  individually  powered  corrector. 

Assuming  the  quench  starts  in  a  coiner  of  the  coil  winding 
at  time  t  »  0  and  quench  current  lb,  we  have  the  initial 
conditions, 

'Jr  »  0.001  sec 
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where  z(r]  is  the  half-rotating  axis  of  the  normal  zone  ellipse 
(Figure  1). 

At  time  t  *  nAt,  the  iteration  relations  become 
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where  2m  is  the  proportion  of  the  metal  constituents  in  the  coil 
unit  cell,  and  element  i  (<n)  is  the  subregion  of  the  ellipse 
mentioned  in  the  previous  section,  which  turns  to  normal  at 
time  i  =  iAt.  Its  temperature  T[i,  nAt]  is  evaluated  via  the 
MITTS  iteration  formulas. 


MIlTStlnAt)  -  MIlTSl(n-\)At)]  +  Wn-Udril 
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and  the  MIITS  tables  in  Reference  [5]. 


IV.  RESULTS 


An  SSC  collider  dipole  corrector  with  the  winding 
configuration  shown  in  Figure  1  has  the  following  additional 
parameters: 


Maximal  operating  field 

2.21  T 

Coil  width 

10.84  mm 

Coil  height 

24.15  mm 

Coil  length 

1.36  m 

Number  of  coils 

2 

Inductance 

2.4  H 

Maximal  operating  current 
(60%  wire  short  sample) 

86A. 

The  calculated  maximal  tum-to-tum  voltage,  maximal 
resistive  voltage  across  the  normal  zone,  and  temperature  rise 
of  the  conductor  in  which  the  quench  starts  under  various 
currents  are  plotted  in  Figure  3.  It  shows  that  die  tum-to-tum 
voltage  will  not  exceed  210  V,  the  total  resistive  voltage  across 
the  resistance  of  the  normal  zone  is  less  than  2000  V,  and  the 
temperature  rise  in  the  hottest  spot  is  less  than  300  K  when  the 
magnet  is  operated  below  the  maximal  operating  current  86  A. 
Therefore  the  magnet  is  self-protected  during  the  collider 
operation.  Figure  3  also  shows  that  during  the  magnet  quench 
testing,  when  the  current  exceeds  10S  A,  some  protection 
measure  should  be  taken  to  prevent  any  damage  in  the 
insulation  due  to  overheating. 

All  the  other  collider  a re  correction  magnets  are  smaller 
than  the  dipole  corrector,  so  they  are  all  self-protected  when 
they  are  individually  powered.  But  when  24  quadiupole  or 
sextupole  correctors  are  connected  in  series,  the  inductance 
will  be  higher  than  45  H.  and  the  single  quenching  magnet 
cannot  absorb  the  tremendous  energy  stored  in  all  24  magnets. 
So  a  current  bypass  system  is  necessary  to  protect  this  magnet 
A  2-Cl  resistor  can  be  connected  parallel  to  each  member  in  the 
series  for  the  protection.  To  minimize  the  influence  of  single 
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magnet  quench  on  the  corrector  system  operation,  two  opposite 
parallel  diodes  are  preferred  rather  than  one  resistor  for  the 
bipolar  current  operation. 

Quench  simulations  are  also  done  for  different 
copper-superconductor  ratios  of  the  superconducting  wire 
around  2.2:1.  It  shows  that  higher  superconductor  contents 
lower  the  quench  voltage  across  the  normal  resistance  zone  and 
the  temperature  rise  caused  by  the  quench.  We  believe  that  in 
our  range  of  study,  the  much  higher  heat  capacity  of  the  NbTi 
and  lower  copper  resistivity  at  a  lower  temperature  are  the 
source  of  this  effect 

a)  Mwtl— 1  Turn  eo  Tub  Voltage  ve.  Qnaweh  Currant 


Voltage (V) 


Currant (A) 


k)  WaatBal  Baslatlvo  Voltage  te.  Quench  Currant 
Voltage  (V) 
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a)  Marlnal  Ta^aratura  alee  ve.  Quaneh  Currant 
Tng  irature  (X) 
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Figure  3.  SSC  collider  dipole  corrector  quench  data. 


The  simulation  code  is  also  checked  with  the  testing  data 
for  some  prototype  correction  magnets.  A  comparison  is  shown 
in  Figure  4  for  the  current  decay  over  time.  The  difference  is 
believed  due  to  ignoring  the  cooling  effect  mentioned  in 
Section  D. 


0  0.0S  0.1  0.1S 


TlaM(ene) 

Figure  4.  A  comparison  between  the  simulation  and 
measured  current  decay  for  an  SSC  corrector  dipole 
prototype. 
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Abstract 

Analysis  of  the  variation  in  the  saturation  of  the  skew 
quadrupole  (a,)  is  presented  for  the  15m  long,  50mm  aperture 
SSC  collider  dipole  magnet  prototypes  built  at  BNL.  The 
variations  within  a  magnet  are  shown  to  be  correlated  with 
local  top-bottom  asymmetry  in  the  iron  yoke  weight.  On  the 
other  hand,  magnet  to  magnet  variations  in  the  saturation  of 
integral  skew  quadrupole  are  shown  to  be  correlated  with  the 
geometrical. 

I.  INTRODUCTION 

Magnets  DCA209-DC A2 1 3  are  a  set  of  50mm  aperture, 
15m  long  SSC  collider  dipole  models  built  at  BNL[1].  The 
field  quality  in  these  magnets  is  expressed  in  terms  of  the 
normal  and  skew  harmonic  coefficients  bn  and  an  in  dimen¬ 
sionless  "units"  defined  by  the  multipole  expansion 

By  +  iB,  =  1 04  •  Bo  +  iaj[(  x  +  iy )  /  *]" 

n=0 

where  x  and  y  are  die  horizontal  and  vertical  coordinates,  B0 
is  the  dipole  field  strength  and  R  is  a  "reference  radius", 
chosen  as  1cm  for  these  dipoles.  A  large  amount  of  variation 
has  been  observed  in  the  value  of  the  skew  quadrupole  field 
coefficient  ax  as  a  function  of  current  at  different  axial  posi¬ 
tions  in  a  single  magnet  and  also  from  magnet  to  magnet  As 
an  example.  Fig.  1  shows  the  current  dependence  of  at  meas¬ 
ured  with  a  one  meter  long  measuring  coil  in  magnets 
DC A209-DC A2 1 3 .  To  facilitate  comparison,  the  curves  are 
offset  along  the  y-axis  such  that  the  value  of  0|  is  zero  at  2kA 


DCA209  to  DCA213.  The  curves  are  offset  such  that  a,  at 
2kA  is  zero  for  all  magnets. 


for  all  magnets.  The  variation  with  current  is  commonly 
referred  to  as  at  "saturation"  since  the  major  source  of  this 
variation  is  the  off-centered  placement  of  the  iron  yoke  in  the 
magnetic  cryostat  vessel.  However,  in  practice  this  variation 
may  also  include  several  other  sources.  In  this  paper  we 
explain  the  cause  of  the  measured  variations  in  a  j  saturation 
and  present  a  simple  formula  which  can  be  used  to  predict  ai 
saturation  in  long  50  mm  aperture  SSC  dipole  magnets  with 
horizontally  split  yokes. 

II.  SOURCES  OF  ax  VARIATION 

In  this  section  we  list  some  of  the  sources  which  may  be 
responsible  for  die  variation  in  a,  as  a  function  of  current  For 
each  of  these  sources,  we  also  give  estimates  of  die  magni¬ 
tude  of  the  change,  5a|,  between  6600A  and  2000A  (referred 
to  as  "saturation  ax").  Given  below  is  a  brief  discussion  of 
some  of  the  sources  which  may  be  responsible  for  die 
observed  Sap 

(a)  Off-centered  yoke  in  the  cryostat  : 

At  high  currents  the  flux  lines  are  not  contained  in  the  iron 
cross  section  and  start  leaking  outside  the  yoke.  At  this  stage 
die  magnetic  iron  in  the  cryostat  vessel  provides  die  additional 
magnetic  path  to  return  the  flux  lines.  However,  since  the 
center  of  cryostat  does  not  coincide  with  die  center  of  yoke,  an 
up-down  asymmetry  would  be  generated  in  the  field  at  die 
center  of  the  dipole.  The  calculations  show  a  noticeable 
current  dependence  in  at  above  a  primary  field  of  6.0  Tesla 
(/-  6kA)  and  the  computed  5a(  is  ~  -0.2  unit. 

(b)  Difference  in  the  packing  factors  of  the  yoke  halves : 

The  packing  factor  is  basically  die  ratio  of  die  amount  of 
yoke  material  actually  present  to  the  maximum  amount  of 
yoke  material  possible  in  the  design  volume.  Though  the 
overall  difference  in  die  packing  factor  between  the  top  and 
bottom  yoke  halves  is  well  controlled  (typicaly  within 
-0.01%  in  DCA209-213),  there  may  be  some  local  variations 
along  the  length  of  the  magnet  The  iron  weight  is  measured 
for  each  7.6cm  (3")  block  in  die  top  or  bottom  yoke.  Since  the 
length  of  the  measuring  coil  is  one  meter,  a  top  bottom  weight 
difference  in  the  yoke  in  a  one  meter  region  would  be  seen  in 
the  field  harmonics.  Our  2-d  calculations  show  that  a  0.1% 
higher  packing  factor  in  the  upper  yoke  half  would  give  about 
-0.1  unit  of  Sat.  This  effect  is  noticeable  above  3000A. 
However,  the  difference  in  packing  factors  is  likely  to  have 
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opposite  sign  in  neighboring  packs  to  maintain  a  low  overall 
difference  in  the  packing  factor.  This  implies  that  2-d  calcu¬ 
lations  may  be  over-estimating  the  effect  because  in  reality 
the  field  lines  would  not  only  move  from  bottom  to  top,  but 
may  also  move  in  the  axial  direction.  We  will  discuss  this  item 
in  more  detail  later  in  Sec. III. 

(c)  Off-centered  coil  in  the  yoke : 

If  the  coil  center  does  not  match  the  yoke  center,  an  addi¬ 
tional  8a,  would  be  semi.  This  will  also  give  a  geometric  a,. 
Our  calculations  show  that  for  a  coil  placed  25pm  (0.001") 
above  center,  there  would  be  an  additional  8a,  ~  +0.1  unit 
and  die  geometric  a,  would  be  approximately  -0.12  unit 

(d)  Difference  in  the  top  and  the  bottom  coil  sizes  : 

A  difference  between  die  top  and  the  bottom  coil  sizes 
gives  a  geometric  a,.  The  calculations  show  that  if  the  upper 
coil  half  is  25pm  larger  (which  means  that  the  midplane  is 
shifted  down  by  half  this  amount),  the  geometric  a,  would  be 
~  +0.7  unit  It  also  gives  a  small  additional  contribution  to  the 
saturation  related  8a,,  which  is  about  1%  of  the  geometric  a,. 

There  is  also  a  second  effect  of  die  coil  size  difference.  It 
is  possible  that  when  there  is  an  initial  difference  in  die  size 
between  the  top  and  bottom  coil  halves,  the  already  displaced 
coil  midplane  may  shift  more  as  a  result  of  the  interaction 
between  die  initial  mechanical  forces  and  the  dynamic  (fi 
dependent)  Lorentz  forces.  We  have  not  done  the  mechanical 
calculations  to  compute  die  amount  of  this  displacement 
However,  it  may  be  pointed  out  that  merely  a  2.5pm  addi¬ 
tional  displacement  of  the  midplane  would  give  a  contribution 
of  about  0.14  unit  to  the  observed  8a,. 

fe)  Special  purpose  holes  in  one  yoke  pack : 

At  about  Sm  (200  inches)  from  the  lead  end,  die  strain 
gauges  are  installed  in  all  die  long  magnets.  In  order  to  bring 
the  wiring  out,  two  3/8"  diameter  holes  are  drilled  in  one  yoke 
pack  from  the  iron  inner  radius  to  the  two  He  bypass  holes. 
This  is  done  only  in  die  bottom  half  of  the  magnet  This  gives 
a  large  local  a,  saturation.  Our  2-d  estimates  suggest  that  in  a 
1  meter  long  measuring  coil,  an  additional  8 ax  of  ~  -0.15  unit 
should  be  observed. 

(f)  Persistent  Currents  : 

If  an  up-down  asymmetry  is  present  either  in  the  coil 
geometry  (which  also  gives  geometric  a,)  or  in  the  coil  cables 
used  in  the  top  and  bottom  coil  halves  (for  example,  the  cables 
may  have  a  different  JJ,  an  ax  due  to  persistent  currents 
would  be  present  Depending  on  the  amount  of  asymmetry, 
the  value  may  be  noticeable  at  2000.  t  and  negligible  at 
6600A.  This  would  also  contribute  towards  the  observed  5a,. 
We  have  not  done  any  detailed  calculations  here,  but  5a,  due 
to  persistent  currents  is  expected  to  be  within  0.05  unit  based 
on  die  measured  values  of  ax  at  2000A  during  die  up  and  the 
down  ramps  in  magnets  DC A209-2 13. 
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Fig.2  ax  saturation  (8a,)  in  DCA209-DCA213  Magnets 

III.  8a,  VARIATION  WITH  POSITION 

Axial  scans  have  been  made  in  the  magnets  DCA209 
through  DCA213  at  2000A  and  6600A.  It  has  been  found  that 
8a,  varies  significantly  along  die  length  of  a  magnet  (Fig.2). 
Amongst  the  various  mechanisms  proposed  in  the  previous 
section,  the  off-centered  yoke  in  die  cryostat  and  the  persistent 
currents  [(a)  and  (/)  in  Sec.II]  can  not  account  for  the  variation 
with  position.  A  difference  in  the  packing  factor  between  the 
upper  and  lower  yoke  halves  can  be  examined  most  readily 
from  die  data  on  individual  yoke  block  weights.  Fig.3  (open 
boxes)  shows  the  local  asymmetry  in  the  top  and  bottom  yoke 
block  weights  averaged  over  the  length  of  die  field  measuring 
coil  (one  meter),  as  a  function  of  block  number  (position 
along  the  magnet)  for  the  magnet  DCA213.  The  asymmetry  is 
defined  as 


asymmetry  = 


wt,  of  bottom  block  -  wt  of  top  block  yl000/a 

average  of  top  and  bottom  wts. 


As  can  be  seen  from  the  figure,  although  the  average 
asymmetry  for  die  entire  magnet  is  nearly  zero,  there  could  be 
a  local  asymmetry  of  up  to  +0.1%,  when  average  values  over 
one  meter  length  are  considered.  The  asymmetry  is  most 
prominent  when  die  measuring  coil  center  is  located  around 
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Fig.3  Variation  of  Top-bottom  weight  asymmetry  and  8a,  along 
the  length  of  the  magnet  DCA213 
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block  numbers  60  and  90.  Fig.3  also  shows  the  variation  of 
&*i  with  position  (filled  boxes,  dashed  line).  A  very  good 
correlation  between  the  yoke  asymmetry  and  5o]  is  seen.  A 
similar  correlation  has  been  obtained  for  the  magnet  DCA212 
also.  This  shows  that  the  major  cause  of  &*]  variation  along 
the  length  of  the  magnet  is  a  local  top-bottom  asymmetry  in 
the  packing  factor.  It  is  interesting  to  note  that  a  similar  axial 
variation  in  6,  saturation  is  seat  in  the  Fermilab  magnets, 
which  may  have  a  left-right  asymmetry  in  die  packing  factor 
because  of  the  vertically  split  yoke  design. 

An  examination  of  the  at  saturation  profiles  for  all  the 
magnets  (Fig.2)  reveals  that  the  maximum  ai  saturation  is 
seen  at  about  200  inches  in  all  the  magnets,  which  is  also  the 
location  of  special  purpose  holes  [Sec.IIf<eJ].  The  location  and 
the  magnitude  of  the  dips  in  5o(  in  Fig.2  suggest  that  the  holes 
are  contributing  to  5a,  at  about  200  inches.  It  should  be  noted 
that  these  holes  will  not  be  present  in  die  production  magnets. 

V.  MAGNET  TO  MAGNET  VARIATIONS  OF 
INTEGRAL  5a, 

Since  die  total  weight  in  the  top  and  bottom  yoke  halves  is 
well  controlled  (within  -0.01%)  in  these  magnets,  we  should 
not  see  any  appreciable  magnet  to  magnet  variations  in  the 
integral  (or  die  average)  5a,.  Table  I  lists  the  average  values 
and  RMS  variations  (along  length)  in  a  j  (2000 A),  a  ,(6600 A) 
and  5a,  for  the  magnets  DCA209-213.  Only  the  straight 
section  data  are  considered  for  the  averaging. 

Table  I  shows  that  contrary  to  expectations,  the  integral 
8a,  does  show  some  magnet  to  magnet  variation  (o  =  0.085 
units).  In  fact,  there  is  a  strong  correlation  between  die 
integral  values  of  geometric  a,  and  8a,.  We  suggest  the 
following  mechanism  as  die  possible  cause  for  this  corre¬ 
lation.  A  geometric  a,  implies  a  mechanical  difference 
between  the  top  and  the  bottom  halves  of  die  coil  as  seen  from 
the  midplane.  At  high  current,  die  asymmetric  Loren tz  force 
due  to  asymmetric  coils  could  modify  this  coil  asymmetry 
[Sec.II(d)].  The  experimental  data  are  examined  in  Fig.4 
which  shows  die  integral  5a,  as  a  function  of  integral  geo¬ 
metric  a,  in  magnets  DCA209-213.  A  linear  dependence  of 
5a,  on  a,  is  seen,  which  may  be  parameterized  as 

6a,  =  -0.209  +  0.104xa,(2000A) 


Table  L  Integral  a,  and  8at  in  magnets  DCA209-DCA213 


Magnet 

Integral* 

a,(2000A) 

Integral* 

a,(6600A) 

Iategral 

5tf, 

DCA209 

0.26  ±0.41 

0.09±0.42 

-0.175 

DCA210 

-0.23  ±  0.23 

-0.4710.21 

-0245 

DCA2U 

1.76  ±0.62 

1.7210.71 

-0.034 

DCA212 

-0.19  +  0.20 

-0.4210.22 

-0.230 

DCA213 

0.61±0.34 

0.4810.35 

-0.130 

*Error  ban  refer  to  RMS  variations  along  the  axial  position. 


Fig.  4  Correlation  between  geometric  and  saturation  a,. 

The  constant  torn  in  the  above  equation  agrees  with  the 
value  of  -0.2  unit  calculated  from  die  effect  of  off-centered 
yoke  in  the  cryostat  in  the  absence  of  any  other  asymmetry 
[See  Sec.II(a)].  The  second  term  gives  the  dependence  of  the 
integral  8a,  on  the  geometric  integral  a,.  A  coefficient  of 
0.104  implies  that  there  is  a  -10%  enhancement  in  coil  asym¬ 
metry  at  6600A  due  to  Lorentz  forces.  A  similar  expression, 
perhaps  with  a  somewhat  different  coefficient,  is  expected  for 
magnets  built  elsewhere. 

V.  CONCLUSIONS 

We  have  examined  die  possible  mechanisms  fix  variation 
of  5a,  in  different  magnets,  and  at  different  locations  in  a 
given  magnet  There  are  large  variations  within  a  magnet 
which  are  correlated  to  the  yoke  density  variations  and  posi¬ 
tion  of  special  purpose  holes.  A  good  correlation  is  also  found 
between  the  integral  values  of  the  geometric  a,  and  the  satu¬ 
ration  induced  5a,  in  die  magnets  built  so  far.  Since  die 
systematic  value  of  the  geometric  a,  is  expected  to  be  zero  fix 
the  production  magnets,  this  variation  would  only  add  slightly 
(-10%)  to  die  random  ax  at  high  field.  The  variation  of 
integral  5a,  in  these  magnets  has  o  =  0.085  units,  which  is 
small  compared  to  the  axial  variations  and  is  much  smaller 
than  the  SSC  tolerance  of  o*  1.25  units  fix  a,.  This  is 
achieved  because  the  total  weights  of  the  upper  and  die  lower 
yoke  halves  are  very  well  controlled. 

We  thank  Peter  Wanderer  for  many  useful  discussions  and 
a  critical  review  of  die  manuscript 
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ABSTRACT 


The  bask  features  of  the  Superconducting  Super 
Collider  lattice  are  the  two  beamlines  formed  by 
superconducting  dipoles  (7736)  and  quadruples  (1564). 
The  dipoles  constrain  two  20  TeV  proton  beams  into 
counterrotating  closed  orbits  of  86.2  Km.  The 
quadrupoles  (FODO)  require  cryogenic  cooling  to  LHE 
temperatures.  This  requirement  isolates  the  main 
magnets  from  the  outside  world.  The  interface  required, 
the  Spool,  is  a  crucial  component  of  superconducting 
lattice  design  and  machine  operation.  There  are  over 
1588  spools  in  the  Super  Collider.  We  present  hoe  SSCL 
spool  designs  which  consist  of  1)  housing  for 
superconducting  closed  orbit  and  multipole  correction 
magnets,  2)  cryogenic  function,  magnet  quench 
protection,  system  power,  and  instrumentation 
interfaces,  and  3)  cold  to  warm  transitions  for  warm 
magnet  and  warm  instrumentation  drift  spaces. 

1.  INTRODUCTION 

There  are  two  su  perconducting  cryogenic  machines 
in  the  SSCL  complex.  The  CoIIiaer  ana  High  Energy 
Booster  (HEB).  The  Collider  is  filled  with  2  TeV  proton 
beams  by  The  HEB.  The  HEB  is  a  10.8  Km  supercon¬ 
ducting  machine.  The  common  task  for  the  Collider  and 
HEB  is  to  design  an  interface  that  meets  all  the  require¬ 
ments  of  such  large  machines  while  maintaining  costs 
and  providing  reliability  in  operation.  The  large  quanti¬ 
ties  of  spools  and  their  criticality  to  machine  operation 
directly  effect  spool  production  cost,  reliability,  and 
maintainability. 

2.  SPOOL  CONCEPTS  AND  FUNCTIONS 

There  are  three  primary  types  of  spools  that  perform 
all  the  functional  requirements  of  foe  Collider  and  HEB. 
These  are  as  follows: 

1. )  Standard  Spools 

The  Standard  Spool  is  found  primarily  in  the  arc 
sections  of  foe  CoIIiaer  and  HEB.  Its  principle  functions 
are  cryogenic  control,  quench  (magnet)  protection, 
correction  magnet  support,  and  vacuum  isolation. 

2. )  Transfer  Spools 

The  Transfer  Spools  provide  most  of  the  functions  of 
foe  Standard  Spool  in  addition  to  their  principle  function 
of  transferring  the  liquid  cryogens  and  main  ppwer 
busses  to  cryogenic  bypasses  in  warm  drift  regions. 


*.  Operated  by  Universities  Research  Association, 
Inc.,  for  the  U.  S.  Department  of  Energy  under 
contract  No.  DE-AC35-89ER40486. 


3.)  Input/Output  Spools 

The  I/O  Spools  include  three  types,  foe  Feed,  End 
and  Isolation  Spools.  These  three  spools  have  specific 
functions  whicn  are  fundamental  to  foe  input  freed), 
turn-around  (End),  and  separation  (Isolation)  of  cryo¬ 
genics  and  main  power  throughout  the  Collider  and  HEB 
rings. 

The  top  categories  of  spools  (Standard,  Transfer,  and 
I/O)  do  not  contain  just  5  types  of  spools  as  described 
above.  The  three  primary  types  multiply  into  several  vari¬ 
ations  due  to  limitations  in  space  and  foe  need  for  special 
functions  in  specific  locations.  One  example  is  the  need 
for  a  minor  image  of  all  three  types  of  spools.  This  is  not 
satisfied  by  just  rotating  foe  spool  180  degrees,  because 
foe  cross-section  of  any  spool  and  its  functions  are  not 
symmetrical.  An  ongoing  effort  exists  to  standardize  and 
limit  the  types  of  spools.  The  obvious  drivers  of  such  an 
effort  are  design  costs,  spares,  and  maintenance. 

2.1  STANDARD  SPOOLS  AND  ARC  CELLS 

The  Standard  spools  principle  location  is  in  foe 
Collider  and  HEB  arc  half-cells.  A  Collider  arc  half-cell 
contains  a  main  quadrupole  magnet,  spool,  and  five 
dipole  magnets.  Tnis  spools  principle  function  is  cryo¬ 
genic  control,  quench  protection  and  housing  of  correc¬ 
tion  magnets.  This  half-cell  makes  up  foe  fundamental 
(FODO)  cell  of  foe  Collider. 

A  HEB  arc  half-cell  contains  a  main  quadrupole 
magnet,  spool,  and  two  dipole  magnets.  This  spools  has 
foe  same  principle  function  as  foe  Collider  arc  spool  of 
cryogenic  control,  quench  protection  and  housing  of 
correction  magnets.  This  half -cell  makes  up  foe  funda¬ 
mental  (FODO;  cell  of  foe  High  Energy  Booster. 

3.  SPOOL  DESIGN 

All  spools  provide  an  outer  cryostat  that  contains 

Elumbing,  temperature  shields,  an  inner  cryostat  and  a 
earn  tube.  The  Collider  ring  design  has  two  counter¬ 
rotating  rings  with  one  above  the  other.  Spool  design  for 
the  collider  must  take  into  account  that  a  second  spool 
will  be  suspended  above  a  Collider  spool. 

The  HEB  ring  design  is  for  a  bipolar  machine.  This 
requirement  of  being  able  to  accelerate  protons  in  either  a 
clockwise  or  counter-clockwise  direction  requires  foe 
HEB  spool  design  to  consider  instrumentation  and 
control  differences.  The  main  effect  takes  place  in  foe 
location  of  foe  Beam  Position  Monitor  (BPM),  which  is 
housed  in  the  spool.  The  requirements  for  the  BPM  that 
directly  effect  the  spool  design  in  the  Collider  and  HEB 
are  that  foe  BPM  must  be  located  as  close  to  foe  main 
quad  of  a  half-cell  as  possible.  In  foe  case  of  foe  HEB  a 
given  BPM  will  be  down-stream  of  a  main  quad  and  up¬ 
stream  of  the  correction  quads  while  accelerating  protons 
in  the  clockwise  direction.  In  the  next  phase  of  accelera- 
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tkm  (counter-clockwise)  the  same  BPM  will  be  up-stream 
of  the  main  quad  and  down-stream  of  the  spools  correc¬ 
tion  packages.  It  turns  out  that  operation  and  control 
correction  schemes  are  able  to  handle  the  differences  in 
clock-wise  versus  counter-clockwise  alleviating  the  need 
for  special  BPM  placements  in  the  HEB.  This  however 
does  not  release  the  requirement  of  the  BPM  being  posi¬ 
tioned  close  to  die  main  quad.  In  the  Collider  and  HEB 
there  are  locations  other  than  the  arc  cells  that  fail  to  be  as 
straight  forward.  These  locations  such  as  the  abort  and 
transfer  line  straight  sections  position  spools  up  and 
down-stream  of  die  main  quads.  This  requires  the  BPM 
and  other  components  of  the  spools  to  a  mirror  image. 

3.1  Spool  Design  -  Standard  Spool 

3.1.1  General  Components,  Cryogenic  Piping 

The  Standard  spool  contains  many  pipes,  valves, 
power  leads,  and  instrumentation.  This  is  because  it  is  the 
principle  interface  into  the  superconducting  rings.  The 
following  table  lists  the  basic  components  of  a  standard 
spool: 

Standard  Spool  Requirements 
Table  1.0 

Beam  tube  with  connections 
Beam  tube  vacuum  port 
Beam  tube  vacuum  valves  -  warm 
Beam  Position  Monitor  (BPM) 

BPM  mounting  interface  to  cryo  pipe  #1 
Beam  Position  Monitor  lead  interface 
Safety  lead  pair  with  quench  stopper 
Lead  port  correction  element-6  pair,  83  A  avg 
Lead  port  instrumentation  function  (2) 

Quench  vent  valve  1 -phase  to  20K  He 

Valve  cool-down  /  warm-up 

Relief  valve-cryostat  to  outside 

Relief  valve-liquid  helium  to  outside 

Relief  valve-liquid  helium  return  to  outside 

Relief  valve-gaseous  helium  return  to  header 

Relief  valve-liquid  nitrogen  to  outside  (2) 

Cryostat  vacuum  pumpout  ports  w/  valves  (2) 

Cryostat  vacuum  barrier 

Cryo  pipe  #1 -liquid  helium  cold  mass 

Cryo  pipe  #2-liquid  helium  return 

Cryo  pipe  #3-gaseous  helium  return 

Cryo  pipe  #4-20K  He 

Cryo  pipe  #5-80K  Nitrogen 

Cryo  pipe  #6-80K  Nitrogen 

Shields-20K  and  80K 

Multilayer  Insulation-20K  and  80K 

Insulation  vacuum  instrumentation 

Correction  element  supported  in  cryo  pipe  #1 

The  Collider  and  HEB  spool  cryogenic  piping 
requirements  are  the  same  as  the  cryogenic  piping 
requirements  of  their  respective  main  dipole  and  quadra- 
pole  magnets.  The  HEB  pipes  are  defined  in  Table  1.0. 


The  spools  as  a  component  of  the  Collider  and  HEB 
are  limited  to  the  rate  at  which  heat  can  be  put  into  the 
cooling  system.  These  rates  are  part  of  a  budgeted 
amount  based  on  cryo  plant  specifications.  The  standard 
spool  heat  load  budgets  are  as  follows: 

HEB  Standard  Spool  Heat  Load  Budget 
Table2.0 

Load  Type  Liquif.  4K  20K  80K 

g/s  Watts  Watts  Watts 

Static  Heat  0.072  2.73  15.71  57.87 

Dynamic  Heat  0.29 

Total  0.072  3.01  15.71  57.87 

3.1.1  Vacuum  Barriers 

The  standard  spool  within  the  HEB  has  two  configu¬ 
rations.  The  differences  are  the  vacuum  barrier  and 
recooler  components.  Due  to  design  envelope  limits  and 
the  complexity  and  size  of  both  a  vacuum  barrier  and 
recooler,  only  one  of  these  components  can  be  in  a  single 
HEB  spool.  The  Collider  spool  has  a  longer  design  enve¬ 
lope  than  the  HEB  and  is  able  to  contain  both  a  vacuum 
barrier  and  recooler  in  the  same  spool.  There  is  a  design 
requirement  that  a  cryogenic  machine  maintain  a  vacuum 
to  certain  levels  within  the  inner  and  outer  cryostats  of  all 
the  magnets,  spools  and  drift  spaces.  By  design  the 
vacuum  chambers  of  adjacent  magnets  and  cryogenic 
components  are  connected.  The  vacuum  barrier  is  a 
component  that  breaks  up  the  cells  of  a  machine  into 
manageable  vacuum  chambers.  Several  design  require¬ 
ments  for  die  vacuum  barrier  are  opposing.  Tne  vacuum 
barrier  must  be  robust  enough  to  withstand  fault  condi¬ 
tions  with  atmospheric  pressure  on  one  side  and  evacu¬ 
ated  conditions  on  the  other  side,  and  at  the  same  time  the 
heat  leak  requirements  of  die  barrier  want  as  little  mass 
for  heat  flow.  The  vacuum  barrier  must  be  able  to  sepa¬ 
rate  the  insulating  vacuum  between  the  lead  and  return 
end  of  the  spool.  This  allows  for  separate  vacuum 
domains  in  each  half-cell  of  the  Collider  and  each  cell  of 
die  HEB.  All  spools  have  two  separate  operating  vacuum 
systems.  The  beam  tube  vacuum  is  the  principle  system 
and  operates  at  or  below  Id7  Pa.  The  other  system  is  die 
cryostat  insulating  vacuum  which  is  required  to  operate 
at  or  below  Id4  Pa.  The  systems  are  independent  and 
maintained  by  flowing  cryogens  around  and  through  the 
respective  evacuated  spaces.  The  vacuum  requirements 
are  maintained  by  cryo-pumping.  This  is  the  improve¬ 
ment  of  a  vacuum  by  means  of  the  adsorbtion  of  condens¬ 
able  gases  on  cold  surfaces.  Liquid  helium  at  4.2  K  flows 
around  the  outer  surface  of  the  evacuated  beam  tube  and 
cryo-pumps.  The  insulating  vacuum  is  maintained  by  die 
2UK  helium  and  80K  nitrogen  gas  which  flow  through  the 
cryogenic  pipes  in  thermal  contact  with  die  20K  and  80K 
shields  which  cryo-pump.  At  start-up  vacuum  is 
achieved  by  mobile  pump  carts  that  pull  a  vacuum  on  die 
beam  tube  and  insulating  chambers  until  cool  down  with 
cryogens  enables  a  cryo-pumping  condition. 

3.1.2  Recoolers 

The  recooler  is  a  component  in  the  spool.  It  is  a  heat 
exchanger  that  takes  4.25K  liquid  helium  at  its  inlet  and 
cools  it  to  4.0K  at  the  outlet.  The  recooler  is  designed  to 
perform  at  100  watts  @  4K.  The  LHe  return  line  supplies 
die  recooler  shell.  This  liquid  helium  is  sent  through  the 
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vecoolcr  valve  and  into  the  fill  port  of  the  recooler.  The 
GHe  dial  is  produced  by  expansion  across  the  valve  is 
vented  to  die  GHe  return  line.  As  a  component  of  the 
spool  the  recooler  maintains  the  cryogenic  temperatures 
required  for  balance  operation  throughout  the  circumfer¬ 
ence  of  the  Collider  and  HEB. 

3.13  Quench  Stopper  /  Quench  Suppressor 

Quenches  are  die  localized  increased  resistance 
within  a  magnet  that  produces  heat  and  propagates 
throughout  the  magnet  and  ring  if  left  unchecked.  Worst 
case  quenching  would  destroy  a  magnet.  The  quench 
stopper  stops  the  quenches  from  propagating  by 
directing  heat  conduction  through  the  bypass  lead  to  the 
outside  of  a  quenching  half-cell.  The  quench  system  as  a 
whole  includes  instrumentation  which  senses  a  quench  in 
a  local  main  magnet  and  initiates  a  quench  stop  sequence. 
The  events  include  the  diversion  of  the  propagating 
quendi  heat  and  power  on  the  bus  around  die  quenching 
half-cell. 

3.1.4  Correction  Magnets  and  BPM 

The  Collider  and  HEB  have  requirements  for  correc¬ 
tion  of  closed  orbit  errors  both  linear  and  higher  order 
multipoles.  The  Spool  is  required  to  provide  a  means  of 
housing  and  operating  these  superconducting  correction 
magnets.  There  is  a  requirement  for  Corrector  Element 
Power  Leads  (CEPL)  to  power  and  control  die  corrector 
fields.  The  spool  must  support  the  superconducting 
correctors  by  means  of  cooling  with  liquid  helium  and 
alignment  and  support  by  rails  fiducialized  to  the  spool 
and  BPM.  These  alignment  tolerances  require  state  of  die 
art  manufacturing  and  a  fidudalization  that  will  allow 
alignment  to  the  closed  orbit  beam  when  die  spool  is 
installed  in  the  tunnel.  The  Beam  Position  Monitor  (BPM) 
resides  in  the  interconnect  region  of  the  spool.  This  is 
outside  of  the  inner  cold  mass,  but  as  close  to  die  leading 
end  of  the  corrector  package  rail  support. 

4.0  SPOOL  TYPES 

First  draft  effort  at  detailing,  exceeded  20  types  of 
spools  for  the  Collider  and  HEB.  The  Collider  counted  a 
quantity  of  over  1580  spools  and  the  HEB  over  340  spools. 
An  ongoing  effort  to  lesson  the  quantity  of  types  is  critical 
to  reliability,  design  costs,  and  die  quantity  of  spares  that 
would  have  to  be  purchased  and  stored.  The  types,  quan¬ 
tities,  and  component  functions  of  the  HEB  spools  are 
listed  in  the  table  that  follows: 

4.1  Transfer  Spools 

As  defined  in  paragraph  2D  Spool  Concept  and  func¬ 
tions,  the  principle  purpose  of  die  Transfer  Spools  is  the 
transportation  of  liquid  cryogens  and  the  main  power 
busses  to  the  cryogenic  bypasses.  This  occurs  in  areas 
where  warm  drift  regions  are  needed.  This  spool  is  a  T 
box,  where  the  cryogens  and  power  busses  leave  die  ring 
to  a  bypass  cryostat  It  has  the  typical  interconnect  joining 
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from  the  previous  cold  magnet,  and  then  routes  the 
cryogen  plumbing  and  power  busses  at  a  90  degree  angle. 
There  is  a  cold  to  warm  transitional  interconnect  that  has 
just  the  warm  beam  tube  continuing  down  die  rings 
closed  orbit.  The  straight  sections  are  the  locations  in  the 
ring  that  require  warm  drift  sections.  These  warm 
sections  contain  kickers  and  warm  magnets  for  beam 
abort,  injection,  and  transfer  to  Collider.  The  warm 
sections  also  contains  Radio  Frequency  (RF)  cavities  for 
acceleration  of  die  proton  beams.  The  table  in  section  4.0 
Spool  Types,  shows  the  various  configurations  and  func¬ 
tions  of  spools  that  can  be  of  the  transfer  type. 

4.2  Feed,  End  (Return  Box),  &  Isolation  Spools 

In  addition  to  die  same  functional  requirements  as 
die  standard  spool,  die  Feed  spool  performs  the  functions 
as  the  main  connection  for  power  and  cryogens  to  the 
power  control  and  cryogenic  plants.  The  End  spool 
performs  the  turn  around  of  power  and  cryogens  for  a 
cryogenic  sector.  The  cryogenic  sector  is  the  portion  of  a 
ring  maintained  by  a  given  cryogenic  plant.  The  Collider 
has  10  cryogenic  plants  and  die  HEB  two.  The  Isolation 
spools  are  placed  periodically  around  the  Collider  and 
HEB  rings  to  allow  for  isolation  of  cryogenic  sectors  in 
various  maintenance,  warm-up,  and  cool-down  modes. 
The  Return  Box  is  a  variation  of  the  End  spool  which 
allows  for  turn-around  of  cryogens  and  power  in  warm 
drift  areas.  The  cryogens  are  only  redirected  in  this  case  to 
the  cryogenic  bypass  where  they  then  continue  in  the 
nominal  flow  direction. 
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Abstract 

The  hot-spot  temperature  is  estimated  for  a  Collider 
Quadrupole  Magnet  (CQM)  connected  in  series  with  Col¬ 
lider  Dipole  Magnets  (CDM’s)  and  for  a  quench  appearing 
in  CQM.  An  active  protection  system  is  studied  where  all 
magnets  except  the  CQM’s  have  heaters.  These  heaters 
cause  a  spot  quench  in  each  of  the  CDM  outer  layer  con¬ 
ductors.  Results  indicate  that  the  scheme  is  safe  for  a  total 
induced  quench  time  delay  of  less  than  230  ms. 

I.  INTRODUCTION 

Preliminary  simulations  of  the  quench  protection  system 
for  the  SSC  [1]  considered  only  the  Collider  Dipole  Magnets 
(CDM).  These  simulations  were  made  with  the  program 
SSC-RR  which  calculates  the  longitudinal  quench  velocity 
for  each  conductor  in  the  coil  using  the  adiabatic  quench 
velocity  expression  [2] 

v  -  -  ?  n\ 

7(5C)m  yj\  -  q  -f-  60 /(0e  —  0o) 

where  Jco  is  the  magnetic  field  dependent  critical  cur¬ 
rent  density  at  the  bath  temperature  90,  L„  =  2.45  x 
10~8  WflK-2  is  the  Lorentz  number,  7  is  the  copper  to 
superconductor  (s.c.)  ratio,  9e  is  the  critical  temperature 
at  zero  current,  q  is  ratio  of  the  operation  current  density 
to  the  critical  current  density,  60  is  a  small  shift  in  the 
generating  temperature,  0a  =  0e  -  (0C  -  60)q,  and  (6C)m 
is  the  average  of  the  product  of  the  density  6  times  the 
specific  heat  C  of  the  metal  components  in  the  conduc¬ 
tor.  The  temperature  9  for  each  conductor  is  estimated 
through  the  solution  of  the  equation 

(6c)^=pJ3,  (2) 

where  p  is  the  total  resistivity  of  the  conductor,  J  is  the 
current  density  flowing  in  the  conductor,  t  is  the  time,  and 
(6c)  is  the  average  of  the  product  of  the  density  times  the 
specific  heat  of  all  the  components  of  the  conductor.  The 
thermal  conductivity  of  the  conductor  is  ignored  in  equar 
tion  (2)  since  the  quench  velocity  is  much  higher  than  the 
thermal  diffusion  velocity.  However,  this  thermal  conduc¬ 
tivity  effect  is  considered  when  calculating  the  temperature 

’Operated  by  the  Universities  Research  Association,  Inc.,  for 
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profile  along  the  conductor  [3].  The  heat  is  not  transferred 
to  the  helium  because  it  has  a  small  effect  on  the  quench 
characteristics.  The  transverse  quench  propagation  is  esti¬ 
mated  using  the  experimental  values  (current  dependence) 
from  Reference  1.  The  voltage  between  the  normal  zone 
and  the  s.c.  zone  in  the  magnet  is  approximated  by  the 
following  expression 

V  =  RQl(l-M/L)  +  MVe,/L  ,  (3) 

where  Rq  is  the  total  quench  resistance  in  the  coil  (nor¬ 
mal  zone),  I  is  the  current,  Vc,  is  the  voltage  across  the 
magnet,  L  is  the  magnet  self  inductance,  and  M  is  the 
mutual  inductance  between  the  part  of  the  coil  formed  by 
the  normal  zone  and  the  other  part  of  the  coil  which  is  still 
superconducting  (s.c.). 

The  hot-spot  temperature,  the  highest  temperature 
reached  in  the  coil  during  a  quench  (which  normally  is 
located  where  the  quench  first  appears),  is  the  most  impor¬ 
tant  parameter  affecting  magnet  safety.  The  peak  voltage 
between  the  normal  zone  and  s.c.  zone  (approximately  the 
peak  quench  resistive  voltage)  is  the  other  parameter  of 
importance  when  internal  breakdown  voltage  are  in  con¬ 
sideration.  The  characteristics  of  the  CQM  ''DM  can 
be  found  in  Reference  [4].  It  is  clear  that  the  n..  _  retie  field 
in  the  conductor  must  be  taken  into  consideration  to  calcu¬ 
late  the  quench  velocity  and  resistance  developed.  In  what 
follows,  the  analysis  of  a  single  CQM  passively  protected 
and  one  CQM  with  several  CDM’s  connected  in  series  and 
actively  protected  will  be  presented.  In  the  active  protec¬ 
tion  system,  CDM’s  will  have  heaters  but  the  CQM  does 
not  have  a  heater. 

II.  SINGLE  CQM  (SELF  PROTECTED) 

The  model  for  the  electric  circuit  can  be  seen  in  the 
Figure  1.  The  initial  current  is  6500  A.  The  inner  coil 
quench  appears  in  the  last  conductor  from  the  midplane 
(by  symmetry  only  a  quarter  of  the  coil  is  considered)  after 
the  copper  wedge  in  conductor  8.  The  quench  propagates 
all  the  way  down  across  the  wedge  and  upward  across  the 
insulator  layer  between  the  inner  and  outer  coils.  The  first 
conductor  quenching  in  the  outer  coil  will  be  the  closest  one 
to  inner  conductor  8  which  is  conductor  13.  In  the  outer 
coil  case,  the  quench  starts  at  conductor  number  thirteen, 
and  propagates  all  the  way  down  and  into  the  inner  coil, 
quenching  conductor  8  first. 

The  eubmiaed  manuecripl  hat  been  authored  by  a 
contractor  of  the  U.S.  Government  under  Contract 
No.  DE  AC36-89EFU0486.  Accordingly,  the  U.S. 
Government  rataina  a  nonaxduarwa.  royalty-tree 
licence  to  publieh  or  reproduce  the  ptAAehed  lonn  of 
this  oontrbution,  or  aBow  other*  to  do  so,  for 
U.S.  Government  purpoaee. 
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Figures  2  and  3  show  the  temperature  evolution  of  these 
conductors  for  the  inner  and  outer  coil  quench,  indicating 
the  CQM  is  a  self  protected  magnet  (the  hot-spot  temper¬ 
ature  is  less  than  170  K). 


1  '-com  Rqq 


»  CQM  San  Inductance 
Fry*  a  CQM  Quench  resistance 
L00  ■  CDM  Self  inductance 
N  »  Number  ot  dipoles  In  the  Wring 


HP-03366 


Figure  1.  Passive  Protection  System  Circuit  Model. 


Passive  quench  protection  (inner) 


III.  ACTIVE  PROTECTION  SYSTEM  FOR 
ONE  CQM  IN  SERIES  WITH  CDM’S 

The  model  for  the  electric  circuit  can  be  seen  in  Fig¬ 
ure  4.  The  initial  current  here  is  also  6500  A.  Since 
the  difference  in  temperatures  for  the  inner  and  outer  coil 
quenches  is  not  significant,  the  inner  coil  quench  case  will 
be  the  only  one  presented  here.  After  the  CQM  quench 
initiates,  the  heaters  induce  a  CDM  quench  at  the  time 
“bypass  -  time  +  iV  at  a  single  point  (worst  case 
heater  performance)  on  each  conductor  of  the  dipole  outer 
coils.  The  quench  velocity  on  these  magnets  and  all  the 
quench  characteristics  (temperature,  peak  voltage,  resis¬ 
tance,  etc.)  are  then  calculated.  Figure  5  summarizes 
the  evolution  of  the  temperature  in  the  CQM  for  several 
dipoles  connected  in  series  with  a  quadrupole.  Figure  6 
shows  that  when  the  quadrupole  is  connected  in  series  with 
dipoles,  the  longer  current  decay  time  results  in  a  higher 
and  more  uniform  temperature  in  the  CQM  bringing  about 
higher  total  resistance.  This  fact  is  very  important  for  a 
correct  estimation  of  the  quench  behavior  of  the  system. 
An  underestimation  of  this  resistance  may  result  in  the 
design  of  an  unnecessarily  complicated  quench  protection 
system.  In  the  above  calculations  the  heater  time  delay  for 
the  dipole  magnets  has  been  set  to  r*  =  45  ms.  Figure  7 
shows  the  number  of  miits  developed  in  the  quadrupole 
magnet  for  several  CDM’s  connected  in  series  and  for  three 
heater  delay  times.  As  can  be  see  in  this  figure,  even  for 
a  heater  delay  time  of  about  Tfc  =  150  ms,  the  hot-spot 
temperature  for  the  configuration  D+D+Q  will  be  about 
400  K. 

The  case  for  a  dipole  quench  in  the  system  can  be  seen 
in  the  Reference  1.  The  presence  of  the  quadrupole  in  this 
case  is  irrelevant  since  its  stored  energy  is  one  order  of 
magnitude  lower,  and  most  of  the  stored  energy  is  dissi¬ 
pated  in  the  dipoles  (mainly  in  the  one  where  the  quench 
appeared  first). 
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Figure  3.  Quench  Starts  in  the  Outer  Coil  (turn  13). 
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Figure  4.  Circuit  Model  for  the  Active  Protection  System. 
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COM  quench  protection  (inner) 


THMJ3373  CDM’s. 

Figure  5.  CQM  Hot-Spot  Temperature  Evolution  for  var¬ 
ious  CDM’s  in  Series.  IV.  SUMMARY  AND  COMMENTS 


Passive  protection  system  simulations  agree  with  the  ex¬ 
perimental  fact  that  the  40  mm  aperture  quadrupole  mag¬ 
net  for  the  Collider  is  self  protected.  Active  protection 
system  simulations  suggest  that  the  scheme  as  shown  here 
presented  is  a  safe  quench  protection  scheme.  ASST  ex¬ 
periments  could  test  this  option  for  the  SSC.  In  the  simula¬ 
tions  it  is  assumed  that  the  heaters  cause  a  quench  at  a  sin¬ 
gle  point  of  each  conductor  of  the  outer  CDM  coil,  then  the 
quench  propagates  according  to  the  longitudinal  quench 
velocity,  the  time  delay  for  transverse  propagation,  the 
magnetic  field,  etc.  Actually,  the  heaters  will  be  capable  of 
quenching  a  large  portion  of  the  outer  coil  simultaneously. 
Hence,  the  assumption  taken  here  should  reflect  the  worst 
case  scenario.  Recall  that  the  heater  time  delay  t\  in  the 
simulation  is  in  addition  to  the  approximately  80  ms  of 
delay  from  the  start  of  the  quench  in  the  quadrupole.  This 
is  the  time  required  for  current  in  the  system  (D’s+Q)  to 
bypass  the  magnets  and  it  is  assumed  in  the  simulations 
that  at  this  time  the  quench  is  detected.  Therefore,  the 
total  time  delay  safe  limit,  after  the  start  of  quench  in  the 
quadrupole,  is  about  80  ms-f  150  ms  =  230  ms.  Finally,  it 
is  pointed  out  that  these  results  will  be  also  valid  in  case 
of  changing  the  40  mm  CQM  for  a  50  mm  CQM. 
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Abstract 

This  paper  describes  the  effective  stress  on  a  proposed 
SSC  beam  tube.  The  new  issue  for  the  Collider  compared  to 
earlier  accelerators  is  the  combination  of  synchrotron  radiation 
with  the4.2'K  bore  tubeof  the  superconducting  magnets  [  1  ].  One 
design  option  is  to  use  a  liner  within  a  bore  tube  to  remove  the 
radiated  power  and  the  accompanying  photodesorbed  gas  that 
impair  the  beam  tube  vacuum.  Design  of  the  SSC  80-K  synchro¬ 
tron  radiation  liner  requires  vacuum  luminosity  lifetime  =150 
hours  and  liner  electrical  conductivity,  o*t>  2E5  £2-1.  [1].  The 
bimetallic  liner  tube  is  subjected  to  cool  down  and  eddy  current 
loads  [23].  The  liner  tube  is  a  two-shell  laminate  [4]  with 
Nitronic-40  steel  for  strength  and  a  copper  inner  layer  for  low 
impedance  to  the  image  currents  induced  by  the  circulating 
protons.  High  electrical  conductivity  of  the  copper  layer  is 
essential  for  minimizing  the  power  losses.  Perforated  holes  are 
used  toremovethephotodesorbed  gases  for  vacuum  maintenance. 
The  tube  is  cooled  by  80-K  lines.  Structural  design  of  the  liner 
is  not  covered  by  the  ASME  code  [5].  The  life  of  the  liner 
involves  structural  integrity  and  keeping  the  copper  laminate 
within  yield  stress  limits  to  maintain  the  high  surface  finish  for 
minimizing  the  power  losses.  The  copper  layer  stress  governs  the 
structural  design  of  the  lino-.  The  liner  tube  analysis  is  a  three 
dimensional  non-linear  stress  problem.  Thermal  transient  cool 
down  stress  [6]  is  not  considered  in  this  analysis  because  of  the 
floating  support  design  of  the  liner.  This  analysis  will  address  the 
axial  thermal  stress,  non-ax isym metrical  eddy  current  loads, 
dynamic  and  non-linear  material  effect  on  the  liner  that  have  not 
been  considered  in  publications  on  beam  tube  structural  analyses 

I.  INTRODUCTION 

The  proposed  SSC  liner  is  a  beam  tube  with  two 
concentric  tubes.  A  perforated  liner  tube  inside  a  bore  tube  is 
designed  to  remove  the  photodesorbed  gases  and  synchrotron 
radiation  heat,  and  to  withstand  the  eddy  current  and  cool  down 
load  without  stressing  the  copper  beyond  yield.  The  steel  bore 
tube  is  subjected  to  external  buckling  pressure  caused  by  vapor¬ 
ized  liquid  Helium  from  the  quenching  dipole  [7].  The  liner  is 
designed  to  have  die  same  reliability  level  as  the  ASME  code  [5]. 
The  liner  design  can  be  predicted  by  nuclear  quality  code  [8] 
employing  adequate  finite  element  modeling  [9]  to  include  eddy 
current  load,  bimetallic  effect,  and  dynamic  amplification. 
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The  effective  stress  analysis  employs  SSC  50-mm 
dipole  test  data  to  establish  the  eddy  current  loadings  and  re¬ 
sponse  of  the  liner.  By  designing  die  copper  stress  within  the 
yield  strength  limit,  die  liner  can  be  operated  over  hundreds  of 
quench  cycles  in  25  years  of  operation  without  increasing  addi¬ 
tional  power  loss. 

H.  LINER  TUBE  DESIGN 

Figure  1  shows  the  proposed  SSC  dipole  magnet  liner 
system  design  [4]. 


Figure  1.  SSC  Dipole  Liner  System. 


The  liner  tube  (25.3  mm  LD.)  is  a  bimetallic  lamination 
with  a  0.5  mm  copper  bonded  by  a  steel  tube  wall  of  0.75  mm. 
Radial  standoffs  are  used  to  support  the  liner  tube  from  the  bore 
tube.  Torsional  restrains  are  placed  in  some  locations  to  avoid 
disturbing  the  dipole  magnetic  field.  Bellows  are  used  in  the  liner 
to  reduce  the  axial  load  induced  by  the  temperature  rise  of  the 
tube  from  the  heated  coils  during  quench.  Two  80-K  cooling 
tubes  are  attached  to  the  liner  tube  for  removing  synchrotron 
radiation  heat  rated  as  0.14  watts  per  meter  [4].  The  holes  are 
designed  to  maximize  the  luminosity  lifetime  of  the  liner  system . 
The  shape  and  the  pattern  of  the  holes  have  significant  effect  on 
the  stress  and  impedance  (<170  mohms/m)  of  the  liner.  The 
present  design  uses  circular  holes  in  a  bend  pattern  with  the  cut¬ 
out  area  in  a  ratio  of  2/9  along  the  axial  direction.  An  intensive 
R  and  D  study  is  underway  to  search  for  the  hole  shape  and 
pattern. 
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HI.  EDDY  CURRENT  LOAD 
(A)  The  equation  of  equatorial  eddy  current  pressure 
(Maximum  Lorentz  pressure)  [2]  is: 

PL m*  B*(dB/<m*b*t*o - (a) 

B  (tesla)  »  dipole  field  strength.[10] 

dB/dt  (tesWsec)  *  rate  of  change  (taring  quench.  [10] 

(also  see  Figure  2) 

b  (m)  ■  mean  radius  of  the  copper  layer. 
t(m)«  thickness  of  the  copperfayer. 

0(0*1  m-1)  »  copper  electrical  conductivity  at  tempera 
ture,  magnetic  flux  density  and  cold-worked  condition 


SSC  SO  mm  COM  (0CA320)  Experimental  Quench  Data 


Tima  (Saconda) 

Figure  2.  B(t)x[dB(t)/dt]  as  Function  of  Time. 

From  SSC  dipole  magnet  test  data  and  using  equation 
(a)  the  eddy  current  pressure  is  calculated  as  0.483  MPa  (70  psi) 
including  a  dynamic  factor  of  1.23  as  shown  in  Figure  3: 

Load  Condition:  QuendVEnargcsd 


Lorantz  Forcw 

Figure  3.  Eddy  Current  Pressure  at  Copper  Liner. 

Eddy  current  torque,  or  lateral  [2, 3,1 1]  force  are  devel¬ 
oped  on  the  liner  from  geometrical  tolerances  in  the  tube  forming 
and  copper  plating  processes.  Torque  or  lateral  force  induced 
stresses  are  used  for  bellow  and  torque  restraints  design  to 
eliminate  additional  stress  to  the  liner. 


IV.  FINITE  ELEMENT  MODEL 
Three-dimensional  finite  dement  model  (Figure  4)  is 
employed  to  study  the  liner  because  the  axial  bimetallic  effect 
combined  with  eddy  current  load  which  may  collapse  the  tube, 
may  develop  bimetal  lie  bond  separaticnor  produce  stress  beyond 
the  copper  yield  limit,(Figure  5)  that  diminishes  the  thermal  and 
electrical  performance  of  the  liner  tube  and  produce  unacceptable 
power  loss. 


Effective  stress  analysis  of  the  liner  by  die  finite  ele¬ 
ment  method  requires  factors  obtained  from  a  test  (A)  A  carry¬ 
over  factor  is  used  to  account  for  area  reduced  by  the  perforated 
holes.  The  factor  is  1 .286.  (B)  Dynamic  factor  based  on  the  eddy 
current  pulse  shape  is  1.23.  (C)  Stress  concentration  factor  for 
circular  hole  is  2.0.  The  last  factor  is  applied  to  the  result  of  die 
finite  element  analysis  is  local  effect  on  the  overall  effective 
stress. 
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V.  RESULT  OF  ANALYSIS 

The  yield  strength  of  annealed  copper  depends  on  grain 
size  and  purity.  The  average  yield  at  80  K  is  44  MPa  (6.4  ksi)  [7]. 
The  combined  stresses  for  the  liner  at  areas  away  from  the  holes 
are  53.8  MPa(7.8  ksi),  see  Figure  6,  which  is  over  the  yield  at  80 
K  [12]  but  within  the  ASME  specified  yield  [5].  The  stress 
around  the  hole  will  increase  to  108  MPa  (15.6  ksi)  which  is 
within  the  copper  ultimate  strength  but  its  affect  on  the  electrical 
performance  of  the  liner  requires  additional  investigation.  The 
steel  tube  wall  thickness  may  be  increased  to  keep  the  copper 
stress  within  yield  or  eliding  copper  plating  around  holes.  The 
steel  wall  stress  of  the  liner  is  289  MPa  (42  ksi).  The  stress  at  the 
hole  area  in  the  steel  wall  will  increase  to  578  MPa  (83.8  ksi) 
which  is  smaller  than  the  1034  MPa  (150  ksi)  of  the  Nitron ic -40 
steel's  yield  stress  at  80  K. 
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Figure  7.  Result  of  Copper  Layer  Stress. 

VI.  CONCLUSIONS  AND  DISCUSSIONS 


(A)  High  local  stress  on  the  copper  layer  reduces  the  level  of 
confidence  of  the  liner  for  multi -quench  because  micro-cracks 
may  be  developed  in  the  copper  surface  and  increase  the  power 
loss  from  the  high  frequency  image  current.  Local  steel  wail  may 
be  increased  to  keep  the  copper  within  the  yield  stress  limit 

(B)  Analytical  result  is  based  on  the  shape  and  pattern  of  the 
perforated  holes  in  the  existing  design  [4]  that  induces  low  stress. 
Changing  the  existing  circular  hole  shape  to  the  shape  of  an 
ellipse  or  a  square,  and  rearranging  the  hole  in  a  random  array 
will  increase  the  copper  layer  stress.  (C)  A  bellow  and  torque 


stoppers  are  required  to  reduce  stress  on  the  liner.  The  high 
slenderness  ratio  of  the  liner  tubes  (l/y>200)  practically  deducts 
the  liner  to  zero  axial  load  capacity.  The  non-ax isymmetrical 
eddy  current  Loads  [5]  will  destroy  the  bellow  and  liner  supports 
if  torque  stoppers  are  not  used  [3,11],  (D)  This  analysis  is  based 
on  annealed  copper  properties .  Cold  work  or  residual  stress  will 
rise  in  post  yield.  The  residual  resistivity  ratio  (RRR)  is  a  measure 
of  the  extent  of  physical  defects  such  as  lattice  imperfections  due 
to  cold- working!  12],  Additional  analysis  shows  that  stress  at 
hole  area  is  414  MPa  (60  ksi)  for  hard  copper  layer  which  has  a 
yield  stress  of  207  MPa  [30  ksi]  and  is  not  recommended  to  be 
used.  Pure  copper  wire  has  an  RRR  of  50,  but  very  high-purity 
copper,  well  annealed,  could  have  an  RRR  of 2000  [12].  The  liner 
fabrication  technique  by  the  electrode-posited  method  is  prefer¬ 
able.  It  is  possible  to  use  high  purity  copper  or  gold  for  the  liner 
using  0.25  mm  for  the  conductive  layer,  and  increasing  the  steel 
layer  to  1.0  mm  from  the  existing  0.75  mm.  If  the  design 
guideline  [1]  for  the  copper  conductivity  as  o^ESfQm)*1  (80K 
in  6.  IT.  dipole  field)  is  modified  to  =8E8(flm)'1  with  identical 
liner  as  specified  by  [4] ,  the  liner  stress  will  be  reduced  to  the 
comfortable  level  for  a  indefectible  structural  designed  liner. 
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I.  INTRODUCTION 
Several  yean  ago,  Brookhaven  joined  with  DuPont 
in  a  cooperative  effort  to  develop  improved  cable  insulation 
for  SSC  superconducting  dipole  magnets.  The  effort  was 
supported  by  the  SSC  Central  Design  Group  and  later  the 
SSC  Laboratory.  It  was  undertaken  because  tum-to-tum  and 
midplane  shorts  wme  routinely  bring  experienced  during  foe 
assembly  of  magnets  with  coils  made  of  foe  existing  Kapton* 
/Fiberglass  (K/FG)  system  of  Kapton  film  overwrapped  with 
epoxy-impregnated  fiberglass  tape.  Dissection  of  foiled 
magneto  showed  that  insulation  disruption  and  pimeh-through 
was  occurring  near  the  inner  edges  of  turns  close  to  die 
magnet  midplane.  Coil  pressures  of  greater  than  17  kpsi 
were  sufficient  to  disrupt  foe  insulation  at  local  high  spots 
where  wires  in  neighboring  turns  crossed  one  another  and 
where  the  cable  had  been  strongly  compacted  in  die 
keystoning  operation  during  cable  manufacture. 

In  die  joint  development  program,  numerous 
combinations  of  polyimide  films  manufactured  by  DuPont 
with  varying  configurations  and  properties  (including 
thickness)  were  subjected  to  teste  at  Brookhaven.  Early  tests 
were  bench  trials  using  wrapped  cable  samples.  The  most 
promising  candidates  were  used  in  coils  and  many  of  these 
assembled  and  tested  as  magneto  in  both  the  SSC  and  RHIC 
magnet  programs  currently  underway.  The  Kapton  Cl  (Cl) 
system  that  has  been  adopted  represents  a  suitable 
compromise  of  numerous  competing  factors.  It  exhibits 
improved  performance  in  the  critical  parameter  of 
compressive  punch-through  resistance  as  well  as  other 
advantages  over  the  K/FG  system: 

•  Superior  manufacturability 

•  Relaxation  of  product  storage  requirements 

•  Reduced  coil  curing  time 

•  Improved  accommodation  of  component  size  variation 

•  Reduced  mold  cleanup  after  cure 

•  Improved  coil  repair/rework  capability 

•  Increased  radiation  resistance 

•  Retention  of  ductility  at  cryogenic  temperature 

•  Improved  conductor  placement  uniformity 

Figure  1  shows  foe  K/FG  system  in  common  use  and  the  new 
Cl  system.  A  technical  description  of  foe  construction 
process  for  SSC  magnets  is  given  in  Ref.  1. 
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Figure  1.  Kapton/F iberglass  insulation  (top)  and 
Kapton  Cl  insulation  (bottom)  as  applied  to 
superconducting  cable. 


H.  DESCRIPTION 

Kapton  Cl  is  a  100%  polyimide  cable  insulation  system. 
The  inner  wrap,  1200-1,  is  a  0.001*  thickness  amorphous 
Kapton  film  with  0.0002*  thickness  polyimide  adhesive  on 
foe  outside  surface.  The  outer  wrap,  135RO-2,  is  a 
0.00095"  thickness  mineral-filled  amorphous  Kapton  film 
with  a  total  thickness  of  0.0004*  polyimide  adhesive,  half  on 
each  surface.  The  adhesive  is  composed  of  aromatic 
diamines  plus  aromatic  and  co-aromatic  dianhydrides.  This 
all-aromatic  product  ensures  ductility  at  cryogenic 
temperature  and  has  superior  resistance  to  ionizing  radiation 
as  compared  to  a  system  that  uses  epoxy.  Upon  reaching  a 
temperature  of  217  C,  foe  adhesive  braids  in  several  seconds 
to  form  a  strong  braid,  (peel  strength  ~0.2  lb.  per  inch  of 
width,  about  half  that  of  K/FG),  although  some  bonding 
occurs  at  lower  tenqieratures.  It  flows  out  from  areas  of 
high  compression  to  fill  adjacent  voids  in  foe  coil  structure, 
thus  forming  a  structure  that  spreads  the  compressive  coil 
load  over  a  wider  area.  It  does  not,  however,  lose  viscosity 
nor  flow  into  areas  without  compressive  force. 
Photomicrographs  of  coil  sections  show  that  foe  Kapton  films 
and  adhesive  of  this  system  have,  after  a  coil  is  molded, 
merged  into  a  uniform  matrix  of  polyimide  material  that 
partially  fills  foe  voids  and  interstitial  spaces  normally  seen 
in  cross  sections  of  coil  structure.  The  adhesive  shows  no 
tendency  to  bond  to  foe  wires  of  foe  cable,  an  undesirable 
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characteristic  that  could  lead  to  premature  magnet  quenching 
if  it  occurred.  Coils  made  with  Cl  have  a  per  turn  thickness 
~0.00075*  greater  than  those  made  with  K/FG. 

in.  TESTS  &  CHARACTERISTICS 

Compressive  punch-through  tests  were  performed  with 
the  apparatus  shown  in  Fig.  2.  Results  of  numerous  tests  can 
be  summarized  as  follows:  Cl  cables  fail  in  the  range  of  100 
to  150  kpsi,  depending  on  molding  history;  K/FG  cables  fail 
in  the  range  30  to  40  kpsi.  These  bench  tests  are  confirmed 
by  die  experience  with  coils  and  magnets  built  with  Cl:  no 
compressive  failures  have  been  experienced  in  over  20  short 
(1  to  2  m)  magnets  of  various  types  nor  in  4  long  (10  m  or 
more)  SSC  and  RHIC  dipole  magnets.  Particularly 
compelling  were  the  results  from  coil  sections  that  were 
compressed  with  10  kpsi  pressure  and  that  then  had  turn-to- 
turn  voltage  applied  to  each  pair  of  neighboring  turns:  Cl 
coils  were  able  to  withstand  over  5  kV  without  failure 
whereas  K/FG  coils  routinely  failed  by  arcing  before  2  kV 
was  achieved  and  before  full  pressure  was  applied. 


P  (pat) 


Figure  2.  Apparatus  for  conducting  compressive 
punch-through  tests. 

A  desirable  characteristic  in  the  manufacture  of  coils  is 
the  capability  to  accommodate  component  (cable,  wedge, 
insulation)  thickness  variation  in  such  a  way  that  final  coil 
azimuthal  size  variation  is  small.  This  helps  to  ensure  that 
magnets  can  be  assembled  within  the  required  prestress 
window  and  that  the  magnet’s  field  is  uniform.  Fig.  3  shows 
the  range  that  was  achieved  for  RHIC  arc  quadrupole  coils 
(16  turns).  Here,  it  was  possible  to  achieve  final  coil  sizes 
within  an  acceptable  0.003"  band  using  a  fixed  cavity  mold 
despite  (intentional)  cable  thickness  variation  of  0.00125"  by 
simply  varying  die  coil  molding  pressure  over  die  range  10.5 
to  12.9  kpsi.  Alternatively,  it  was  found  that  for  constant 
cable  thickness,  the  molded  coil  size  could  be  varied  over  a 
range  of  0.012"  with  a  molding  pressure  variation  of  6  kpsi 
(Fig.  4).  Coil  modulus  varied  — 10  %  for  this  range  of 
molding  pressure.  Thus  the  proper  size  for  Cl  coils  is  easily 
achieved  by  proportionally  adjusting  the  molding  cavity  size 
opposite  to  the  sum  of  the  variations  of  component  sizes,  as 
determined  through  incoming  inspection  data.  These  results 
cannot  be  achieved  with  K/FG  coils.  For  such  coils,  coil-to- 


coil  size  uniformity  can  only  be  achieved  for  a  more  limited 
range  of  component  thickness  variation  and  by  using  a 
"double  step"  process  in  which  molding  cavity  size  is 
adjusted  baaed  on  a  coil  size  measurement  made  during  die 
molding  process.  A  related  characteristic  is  the  uniformity 
of  coil  azimuthal  size  along  die  length  of  a  coil.  While 
strongly  tooling  dependent,  it  is  found  that  Cl  coils  are  equal 
to  or  improved  in  this  important  feature  with  respect  to  K/FG 
coils. 


CABLE  MEAN  THCKNESS  VARIATION  (mb) 


Figure  3.  Kapton  Cl  molded  coil  size  variation  with 
variation  in  cable  thickness.  The  allowable  cable 
thickness  variation  is  ±0.25  mils. 


10  12  14  16  18  20 

COIL  CURE  STRESS  (kpsi) 

Figure  4.  Kapton  Cl  coil  azimuthal  size  variation 
resulting  from  variation  in  die  curing  stress. 

The  compressive  modulus  of  Cl  coils  is  found  to  be  on 
the  order  of  1200  kpsi  for  8  cm  RHIC  dipole  coils.  This  is 
about  the  same  as  that  of  K/FG  coils  and  it  is  quite  suitable 
for  magnet  assembly.  Fig.  5  shows  the  stress  vs.  strain 
relation  for  an  SSC  50  mm  inner  coil.  The  higher  resistance 
of  Cl  coils  to  compressive  insulation  failure  gives  a  safe 
window  for  magnet  assembly  stress  of  at  least  10  kpsi,  more 
than  twice  that  which  is  safe  for  K/FG  coils.  This  is  highly 
desirable  in  a  production  setting  where  component  size 
variations  within  legitimate  tolerances  must  be  expected.  An 
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experiment  to  teat  coils  built  with  all-polyimide  film  but  using 
epoxy  (3M-2290),  which  might  give  improved  punch-through 
reeistance  without  die  need  for  molding  at  as  high  e 
temperature,  gave  a  relatively  lower  modulus  of 750  lcpei  and 
lower  punch -through  resistance  values  as  compared  to  Cl 
coils. 


STRAW  (dUL) 


Figure  5.  Stress  vs.  strain  for  a  Kapton  Cl  SSC  50 
mm  inner  coil. 

An  early  concern  about  coils  made  with  all-polyimide 
cable  insulation  was  that  during  a  magnet  quench,  helium 
ought  be  trapped  inside  die  cable  insulation  and  rupture  the 
insulation  as  the  pressure  of  the  gas  increased.  Tests  were 
performed  on  molded  coil  sections  under  conditions 
simulating  thoee  in  a  magnet  to  measure  the  impedance  to  the 
flow  of  helium  from  within  the  coil.  This  was  done  by  fitting 
coil  sections  with  buffer  volumes  at  each  end  and  measuring 
the  flow  of  helium  under  various  pressures  out  from  the 
sections  while  the  sections  were  compressed  as  they  would  be 
in  a  coil.  It  was  found  that  the  all-polyimide  sections  leaked 
helium  at  approximately  1/7  the  rate  as  die  very  porous  K/FG 
sections™,  but  still  sufficient  to  alleviate  concern.  In 
addition,  a  magnet  that  had  been  built  with  spot  heaters  to 
initiate  quenching  was  extensively  tested  and  then  dissected  to 
look  for  insulation  damage;  none  was  found.  Thus,  there  is 
no  concern  that  trapped  helium  can  cause  insulation  damage 
(huing  magnet  quenching. 

Another  concern  with  early  all-polyimide  coils  was  that 
die  increased  amount  of  plastic  material  in  these  coils  would 
lead  to  increased  loss  of  coil  prestress  during  cool  down  to 
operating  temperature.  Indeed,  it  was  found  that  magnets 
made  with  early  versions  of  die  new  insulation  system  lost 
50-60%  of  their  room  temperature  prestress  during  cool  down 
as  tnessnred  with  strain  gauges  monitoring  die  azimuthal 
preatreas  in  the  magnets.  This  effect  was  improved  by 
including  a  mineral  filler  in  one  layer  of  the  cable  wrap. 
Magnets  built  with  the  Cl  system,  in  which  the  outer  layer  of 
coil  insulation  is  a  filled  material,  low  typically  40-50%  of 
their  room  temperature  prestress,  a  loss  very  similar  to  die 
low  experienced  by  K/FG  magnets  upon  cool  down  ami  not 
detrimental  to  ultimate  magnet  performance. 


Kapton  Cl  coils  were  initially  molded  by  bringing  their 
temperature  up  to  225  C,  then  back  to  room  temperature, 
while  maintaining  a  pressure  on  the  coils  of  nominally  10 
kpsi  in  a  molding  press.  It  was  found  that  coils  made  in  this 
way  exhibited  low  interstraad  resistance  and  magnets  built 
with  these  coils  experienced  strong  and  undesirable  ramp- 
rate-dependent  effects™.  A  modified  molding  program  in 
which  the  pressure  on  the  coils  was  removed  during  the  two 
temperature  ramps  between  135  C  and  225  C  and  reduced  to 
a  low  value  at  foe  225  C  temperature  plateau  was  found  to 
ameliorate  this  effect.  In  this  modified  program,  coil  sizing 
is  accomplished  by  maintaining  high  pressure  on  the  coil  for 
30  min.  while  at  s  temperature  of  135  C  on  both  foe  up  and 
down  temperature  cycles.  The  interstrand  resistance  of  coils 
made  in  this  way  is  similar  to  that  of  K/FG  coils  made  with 
the  traditional  cycle  of  7  kpsi  pressure  during  a  temperature 
cycle  to  135  C,  and  in  some  cases  has  been  found  to  result 
in  a  higher  level  of  interstrand  resistance™.  Extensive 
investigations  into  die  general  question  of  interstrand 
resistance  have  revealed  it  to  be  a  poorly  understood 
phenomenon  dependent  on  numerous  factors  including  cable 
manufacturer,  manufacturing  process,  level  of  oxidation  of 
the  wire  in  die  cable,  etc.,  and  it  Sas  become  the  subject  of 
extensive  investigations  in  the  SSC  and  RHIC  magnet 
programs.  It  has  been  found  that  the  interstrand  resistance 
is  quite  reproducible  if  the  manufacturing  process  for  die 
cable  is  held  constant.  Thus,  magnets  that  show  repeatable 
and  acceptable  eddy  current  effects  can  be  manufactured  with 
either  K/FG  or  Cl  cable  insulation  if  the  cable  characteristics 
are  controlled. 

IV.  SUMMARY 

The  Kapton  Cl  cable  insulation  system  described  in  this 
paper  has  beat  shown  through  extensive  testing  to  be  robust 
and  reliable.  It  does  require  higher  molding  temperatures  but 
thew  can  readily  be  accommodated  through  proper  design  of 
die  coil  tooling.  Its  characteristics  are  equal  to  or  superior 
in  all  known  respects  to  thoee  of  die  Kapton/Fiberglass 
system  that  has  been  used  to  date.  In  particular,  its 
improved  punch-through  resistance  gives  s  significant 
reduction  in  the  probability  of  electrical  faults  in  the  current 
generation  of  high  field,  high  prestress  accelerator  magnets, 
a  characteristic  that  will  be  critical  for  successful  operation 
of  large  machines  built  of  such  magnets. 
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Abstract 

Recently  the  fabrication  and  the  assembling  of  all  the  main 
magnetic  dements  for  a  2.5  GeV  dedicated  SR  source 
SIBERIA-2  have  been  completed.  The  paper  reports  a 
technique  for  high  accurate  measuring  the  field  of  differ¬ 
ent  types  of  magnets.  The  measurement  results  have  been 
treated  statistically  and  an  effective  mechanism  to  correct 
the  magnetic  length  of  the  dipoles  and  quadrupoles  has 
been  developed. 

I.  Introduction 

The  2.5  GeV  SIBERIA-2  storage  ring  is  a  dedicated  SR 
source.  It  has  optimised  low-emittance  lattice  with  six¬ 
fold  symmetry  [1]  which  contains  24  zero-gradient  dipoles, 
72  quadrupoles  of  three  different  lengths,  36  sextupoles  and 
12  octupoles.  The  design  of  the  magnets  was  presented  in 
ref.  [2].  All  the  magnets  except  the  quadrupoles  were  built 
and  installed  at  the  ring.  The  manufacture  of  quadrupoles 
will  be  completed  in  the  near  future.  All  the  magnets  were 
involved  in  aeries  magnetic  measurements.  The  test  pro¬ 
cedure  and  the  treatment  of  the  magnetic  mapping  results 
are  described  in  this  report. 


II.  Hall  plates  measurement 

A  familiar  Hall  probes  technique  was  chosen  for  magnetic 
tests.  To  make  point-by-point  measurements  of  the  mag¬ 
netic  field  the  Hall  plate  bench  system  for  VEPP  machines 
[3]  supplied  by  Karl  Zeiss  Jena  was  used.  The  mechanical 
positional  accuracy  along  the  magnet  axis  is  6  pm.  The 
single  pass  scan  length  available  is  0.8  m.  To  extend  the 
scan  length  it  is  possible  to  shift  the  initial  scanning  coor¬ 
dinate  without  any  accuracy  reduction.  The  Hall  probes, 
which  haw  low  temperature  coefficient  (5  x  10~5/°C)  do 
not  need  special  control  over  the  probes  temperature.  A 
set  of  probes  was  glued  on  the  support,  and  the  distance 
between  adjacent  probes  was  measured  at  an  accuracy  bet¬ 
ter  than  6  ftm.  A  sufficiently  high  output  (10 fiV/Gausa) 


makes  it  possible  to  read  the  signal  directly  with  the  digi¬ 
tal  voltmeter.  A  special  constant  current  source  was  built 
for  the  measurements  with  the  relative  current  variation 

<  io-4. 

Prior  to  the  measurement  Hall  probes  were  calibrated 
against  a  high  precision  NMR  probe  [4]  using  a  dipole  mag¬ 
net  with  a  high  uniform  field.  The  calibration  curves  were 
fitted  by  a  spline  interpolation  technique  in  the  range  of 
±2.2  T. 

All  the  electronics  involved  was  produced  in  CAMAC  stan¬ 
dard.  The  data  were  read  by  a  microcomputer.  The  soft¬ 
ware  for  analyzing,  plotting  and  storing  the  measurement 
results  was  developed. 

The  Hall  plates  array  is  transversal  aligned  in  the  mag¬ 
net  gap  with  the  precision  <  0.2  mm  using  the  alignment 
marks. 


III.  Dipole  magnets 

The  main  characteristics  of  the  dipole  are  given  in  Table 
1.  The  specific  feature  of  the  H-shaped  solid  Armco-steel 
magnet  is  its  "soft-end”  which  is  a  constant  field  region 
with  the  field  equal  to  one  quarter  of  the  main  field  to 
produce  softer  radiation  [2].  For  symmetry  this  soft-end 
pole  must  be  alternatively  at  the  left  or  at  the  right  end  of 
magnets,  thus  creating  two  separate  families. 


Table  1.  Dipole  design  parameters 


Main  pole 

Soft-end  pole 

Bend  angle 

14.33° 

0.67° 

Field  (2.5  GeV) 

1.7  T 

0.425  T  1 

Bending  radius 

4905.4  mm 

19622  mm 

Magnetic  length 

1227  mm 

230  mm 

Gap 

42  mm 

42  mm 

Turns  per  pole 

4 

1 

Point-by-point  measurements  have  been  carried  out  with 
an  array  of  11  Hall  probes  with  18  mm  spacing.  Table  2 
lists  the  results  of  the  excitation  curve  measurements  for 
the  central  part  of  the  main  pole.  The  optimized  yoke  ge¬ 
ometry  has  permitted  us  to  reach  the  nonlinearity  of  the 
excitation  curve  <  3%  at  2.5  GeV. 
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Figure  1:  Dipole  magnet  field  uniformity.  1  -  6.5  IcA,  2  - 
8.5  kA  and  3  -  10.5  kA 


the  SIBERIA-2  dipoles  are  presented  in  Table  3. 
Table  3.  Dipole  effective  lengths  parameters. 


Main  pole  Zero-field  Soft-end 

_ section _ section  section 

1  (m)  1.2422  m  0.052  m  0.175  m 

<ti  1.196  mm  0.397  mm  0.416  mm 

<ri/l  9.6  x  IQ- 4  7.6  x  IQ-3  2.4  x  10~3 

Tgl  3  presents  the  relative  deviation  of  the  bend  angle  of 
individual  dipoles  with  respect  to  its  average  value  over  all 
the  magnets. 


Soft-end 
section 
0.175  m 
0.416  mm 
2.4  x  10~3 


Table  2.  Field  versus  current  for  the  dipole  main  pole 


w 

1 

2 

3 

4 

5 

B  (T) 

.24 

.47 

.72 

.95 

1.19 

w 

6 

7 

8 

9 

10.5 

B  (T) 

1.41 

1.64 

1.82 

1.95 

2.17 

rig.  1  shows  the  field  homogeneity  at  the  center  of  the 
dipole  at  several  excitation  levels.  Despite  the  operation 
current  is  7.3  kA  (1.7  and  2.5  GeV),  the  measurement  re¬ 
sults  demonstrate  rather  good  field  quality  at  10.5  kA  (2.17 
T  and  3.2  GeV).  The  field  deviation  is  within  the  limit 
±5  x  10-4  in  the  region  ±3.1  cm  at  the  excitation  level  7.5 
kA  and  is  within  the  limit  ±5  x  10-4  in  the  region  ±2.8  cm 
at  the  excitation  level  10.5  kA.  One  can  see  that  satura¬ 
tion  effects  do  not  seriously  degrade  the  field  quality.  Due 
to  the  large  pole  width  (260  mm)  in  radial  direction  the 
horizontal  distribution  of  the  field  integral  in  the  working 
aperture  is  practically  the  same  as  the  field  profile. 

Field  mapping  was  performed  directly  through  the  mag¬ 
net  with  a  1  cm  point  spacing.  After  that,  the  field  profile 
was  calculated  using  spline  interpolation  near  the  electron 
trajectory  which  was  previously  found.  The  field  profile 
along  the  electron  trajectory  is  given  in  Fig.  2.  To  use 
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Figure  2:  Longitudinal  profile  of  the  dipole  field. 

a  hard-edge  approximation,  the  proper  ratio  between  the 
main  and  soft-end  pole  field  integrals  in  the  intersection 
region  should  be  taken  into  account.  Calculations  with 
MERMAID  [5]  have  been  done  and  the  integral  ratio  co¬ 
efficient  was  found  [6].  The  effective  length  for  the  ap¬ 
propriate  part  of  the  dipole  was  determined  as  the  ratio 
of  the  field  integral  of  this  part  to  the  centred  field  ampli¬ 
tude.  Unlike  the  previously  used  model,  a  three  sectionized 
magnet  (main  pole  region,  zero  field  region,  emd  soft-end 
region)  has  proved  to  be  more  convenient.  According  to 
the  measurement  results,  the  effective  lengths  variation  in 
the  working  field  interval  does  not  exceed  ±0.05%.  The 
mean  effective  lengths  and  their  rms  deviations  over  all 


Magnet  number  K)‘  x6g/g 

Figure  3:  Relative  deviation  of  the  bend  angle  of  dipoles 
with  respect  to  its  average  value  over  all  the  magnets. 


IV.  Quadrupole  magnets 

Three  types  (A,  B  and  C)  of  quarupole  magnets  differing 
by  their  yoke  length  constitute  6  families  [2].  The  main 
parameters  of  quadrupoles  are  summarized  in  Table  4. 


raDie  a.  main  parameters  oi  ainriiua-z  quaarupoies 


Type 

A 

B 

C 

Bore  radius 

28  mm 

28  mm 

28  mm 

Max.  gradient 

30  T/m 

36  T/m 

30.5  T/m 

Steel  length 

26.4  cm 

36.2  cm 

28.8  cm 

‘Dims  per  pole 

15 

15 

14 

Max.  current 

0.66  kA 

0.81  kA 

0.67  kA 

All  the  quadrupoles  are  made  of  solid  Armco-steel.  A—  and 
B  -  types  quadrupoles  are  of  the  conventional  "close-side” 
design,  while  the  yoke  of  the  C  —  type  quadrupole  is  split 
into  two  symmetric  halves  -  top  and  bottom  -  to  pass  the 
SR  beam  lines,  without  steel  connections  between  them. 
The  halves  are  joined  through  strong  aluminum  spacers. 
The  pole  profile  is  shaped  as  y  =  392/x  hyperbola  which 
is  ended  by  5-mm-wide  strips  at  x  =  42.15  mm.  The  good 
gradient  region  is  formed  by  the  pole  profile  without  shim¬ 
ming  being  inefficient  in  our  case,  because  the  shimms  iron 
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Figure  4:  SIBERIA-2  quadrupole  excitation  curve. 
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in  the  quadrupole  centre  and  I  is  the  excitation  current. 


Figure  5:  The  quadrupole  gradient  uniformity, 
and  2  -  0.50  kA 


-  0.75  kA 


Table  5.  Quadrupole  saturation  effects  characteristics 


RSI 

EfSGSa 

mSM 

jm m 
ISB1 

IMOi 

USSSm 

ifsomfian 

■H 

0.75 

9.9010 

33.951 

13.20 

0.291 

0.50 

6.9697 

23.805 

13.94 

0.293 

0.25 

3.5046 

11.965 

14.02 

0.293 

is  saturated  due  to  the  high  magnetic  field. 

The  excitation  curve  measurement  results  are  demon¬ 
strated  in  Fig.  4. 

The  measurements  were  performed  with  a  set  of  11  Hall 
probes  of  6  mm  spacing  aC.  several  excitation  current  lev¬ 
els.  The  set  of  probes  was  located  horizontally  (in  the  mid 
plane)  and  vertically  (normal  to  the  mid  plane)  in  the  lens 
aperture,  and  the  field  was  mapped  point-by-point  with  a 
9.5-cm  spacing  in  longitudinal  direction. 

In  Fig.  5  the  gradient  uniformity  for  different  current  levels 
in  the  A  —  quadrupole  center  is  shown.  The  quadruples 
edge  fields  have  a  considerable  effect  on  the  integrated  gra¬ 
dient  uniformity,  and  special  studies  have  been  carried  out 
to  find  optimal  pole  chamfer  sizes.  Fig.  6  shows  the  inte¬ 
grated  gradient  homogeneity  for  several  chamfer  sizes.  The 
6  mm  x  45°  chamfer  was  chosen  on  the  basis  of  the  results 
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Abstract 

Two  prototype  quadrupole  magnets  for  the  2.0  GeV  PLS 
storage  ring  have  been  built  and  their  magnetic  properties 
have  been  measured.  The  prototype  quadrupoles  have  a  C- 
shaped  core  geometry  to  facilitate  installation  of  the  vacu¬ 
um  chambers  and  photon  beam  lines.  Pole  end  chamfering 
experiments  to  reduce  12-pole  and  20-pole  errors,  and  core 
shimming  experiments  to  compensate  the  effects  of  the  core 
asymmetry,  have  been  performed.  After  compensation,  all 
multipole  error  levels  are  less  than  the  tolerances  set  by 
the  beam  dynamics  requirements. 


I  Introduction 

The  PLS  storage  Ring  lattice  is  a  TViple  Bend  Acliromat 
structure  with  12  superperiods  and  a  280.56  m  circum¬ 
ference.  Each  8iiperperiod  lias  mirror  symmetry  about 
the  central  dipole.  Each  half  superperiod  contains  six 
quadrupoles;  three  in  the  dispersive  section  and  three  in 
the  non-dispersive  straight  section. 

There  are  six  different  types  of  quadrupole  magnets; 
Q1  through  Q6.  All  types  use  same  lamination.  All  SR 
quadrupole  magnets  are  designed  to  have  a  C-shaped  core 
geometry  to  facilitate  installation  of  the  vacuum  chamber- 
s  and  photon  beam  lines.  Core  lengths  are  204  mm  for 
Q1  and  Q6,  314  mm  for  Q3  and  Q4,  and  494  inm  for 
Q2  and  Q5.  Magnet  types  which  are  the  same  length  d- 
iffer  in  their  coils.  Series  powered  magnets  use  a  large 
cross  section  conductor,  aud  individually  powered  magnet- 
8  use  a  small  cross  section  conductor.  Both  types  of  coils 
have  the  same  exterior  dimensions.  The  major  parameter- 
s  for  Q1  and  Q2  are  shown  in  Table  1.  The  end  view  of 
the  prototype  Q2  magnet  is  shown  in  Fig.  1  Q1  and  Q2 
type  prototype  quadrupole  magnets  have  been  built,  and 
the  results  of  the  magnetic  measurements  are  summarized. 
Both  prototypes  use  the  smaller  cross  section  conductor. 
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Type  of  magnet 

Ql 

Q2 

Max.  field  gradient  (T/m) 

18 

18 

Core  length  [mm] 

204 

204 

Pole  tip  radius  [mm] 

36 

36 

Good  field  radius  [mm] 

30 

30 

Ampere-turns  (efficiency =0.994) 

9338 

9338 

Number  of  turns/pole 

68 

16 

Current  [A] 

137.32 

583.63 

Voltage  drop/magnet  [V] 

35.24 

58.86 

Current  density  [A/mm3] 

8.39 

8.89 

Power  dissipation/magnet  [kW] 

4.84 

8.08 

Table  1.  Major  parameters  of  Q1  and  Q2  type  quadrupole 
magnets 


II  Manufacturing 

The  poles  profile  of  these  quadrupoles  is  designed  by  con¬ 
formally  mapping  a  pole  profile  from  a  dipole  geometry 
which  satisfies  the  required  field  quality. 

The  steel  used  is  the  same  low  carbon  steel  material  used 
in  our  dipole  magnet[l].  The  bore  diameter  is  72  mm.  Die 
clearance  are  kept  to  within  25  microns  along  the  critical 
pole  profiles.  Sorting  the  laminations  within  a  magnet  type 
will  be  performed  in  the  production  phase.  Since  the  lami¬ 
nation  has  no  symmetry  axis  for  flipping  the  lamination  to 
remove  material  thickness  variations,  the  material  will  be 
flipped  before  punching. 

The  core  assembly  is  glued,  using  a  full  coverage  epoxy 
film  between  each  lamination.  Each  core  is  stacked  using 
a  fixture  with  precision  reference  surfaces.  The  epoxy  is 
cured  while  the  core  is  under  compression  in  the  precision 
fixture.  After  stacking,  the  core  is  compressed  by  fixture 
bars  which  go  completely  through  the  core. 

The  coils  are  constructed  as  an  inclined  pancake.  A  hol¬ 
low  copper  conductor  (4.6  mm-square  with  a  2.5  mm  hole) 
is  wound  in  four  layers  of  17  turns  each.  The  conductor  is 
insulated  with  0.13  mm  thick  by  20  mm  wide  Dacron  tape, 
half  lapped,  and  coil  pancakes  are  “ground  wrapped”  with 
0.25  mm  thick  by  20  mm  wide  fiberglass  tape,  half  lapped. 

After  the  coil  pancakes  are  installed  on  each  half  core, 
the  top  and  bottom  halves  are  joined  with  stiff  tie  bars  as 
shown  in  Fig.  1.  The  two  halves  are  aligned  by  means  of 
steel  dowel  pins  in  two  V  grooves. 
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Figure  1:  End  view  of  prototype  Q2  magnet 

III  Magnetic  Measurements 

ni-A  General 

Magnetic  measurements  are  made  to  investigate  magnetic 
efficiencies  at  different  excitations,  to  determine  an  accept¬ 
able  pole-end  profile  for  the  production  magnet  design,  to 
correct  asymmetric  core  effects  on  multipole  error  fields, 
and  to  find  an  appropriate  procedure  for  assembling  mag¬ 
nets.  A  prototype  quadrupole  rotating  coil  is  used  to  mea¬ 
sure  integrated  field  properties  and  multipole  error  levels. 
The  rotating  coil  has  two  windings;  an  inner  and  an  outer 
winding.  The  voltage  response  of  each  winding  is  the  same 
for  the  fundamental  field,  aud  is  different  for  multipole  er¬ 
ror  fields.  The  fundamental  field  is  measured  with  the  out¬ 
er  winding.  For  the  multipole  error  field  measurement,  a 
null  measurement  is  used.  The  windings  are  connected  in 
series,  with  opposing  polarities,  so  that  the  response  of  the 
fundamental  field  is  nulled,  resulting  in  a  better  signal  to 
noise  ratio  for  the  multipole  error  field  measurements. 

III-B  Measurements  and  Compensations 

For  the  as-assembled  (unchamfered)  Q2  magnet,  the  multi- 
pole  error  components  are  measured.  All  multipole  errors, 
except  n=3  and  n=6  are  below  the  tolerance  level. 

The  n=3  multipole  error  originates  from  the  asymmet¬ 
ric,  C-shaped  geometry  and  can  be  corrected  by  rotational 
motions  of  the  poles.  The  n=6  multipole  error  is  an  allowed 


harmonic  field  on  quadrupole  magnets.  Allowed  multipole 
errors  (n=6,10,14.. . . )  are  induced  either  by  imperfect  pole 
shaping  or  by  end  fields,  and  can  be  corrected  by  choosing 
a  proper  profile  on  the  pole-ends. 

Pole  rotation  is  achieved  by  placing  shims  in  the  “VM- 
grooves  shown  in  Fig.  1.  The  effects  of  core  motions  on 
multipole  error  fields  are  given  in  K.  Halbach’s  [2]  per¬ 
turbation  table.  For  rp  =  36  mm,  the  optimum  required 
shims  for  90°  “V”-grooves  are  calculated  to  be  0.404  mm 
for  groove  1  and  0.202  mm  for  groove  2.  However,  with 
the  intention  of  slight  overcompensation,  we  chose  shims 
of  0.46  mm  for  groove  1  and  0.23  mm  for  groove  2.  The 
expected  sextupole  error  level  with  these  shims  is 

-1.11  x  10~3 +  0.1679°  =  1.54  x  HT4 

36  36 

which  is  well  below  the  specified  sextupole  random  toler¬ 
ance  of  9.9  x  10-4  for  the  Q'2  magnet.  The  measured  sex¬ 
tupole  error  level  after  shimming  is  1.1357  x  10-4  which  is 
close  to  the  value  predicted  by  the  perturbation  theory. 

Next,  the  n=6  multipole  error  is  reduced  by  pole-end 
chamfering.  The  measured  normal  n=6  component  at 
/  =  100  [A]  and  a  normalization  radius  of  30  mm  is 
-1.779  x  10“3,  and  the  specified  n=6  systematic  and  ran¬ 
dom  tolerances  for  the  Q2  magnet  are  1.68  x  10-3  and 
3.3  X  TO-4,  respectively.  The  reason  that  pole-end  cham¬ 
fers  reduce  the  n=6  multipole  error  can  be  understood  by 
an  analogy  to  the  correction  of  n=3  multipole  errors  in  a 
dipole  magnet[3].  In  a  quadrupole  magnet,  the  length  of 
three  dimensional  fringe  fields  will  be  longest  at  the  center 
of  the  pole  and  shortest  at  the  pole  edge  where  the  gap  is 
narrowest.  The  required  cuts  can  be  approximated  with 
a  straight  chamfer  as  in  Fig.  2.  In  Fig.  2,  the  additional 
iron  at  each  of  the  pole  edges  provides  a  fringe  field  bump 
and  introduces  a  n=6  multipole  field  in  opposite  polarity 
to  that  from  the  fringe  fields  of  the  original  unchamfered 
magnet.  The  amount  of  n=6  multipole  error  compensa¬ 
tion  with  a  straight  chamfer  depends  on  the  depth  and 
the  angle  cut  on  the  pole.  To  determine  a  proper  cham¬ 
fering  profile,  we  test  four  different  chamfer  profiles.  The 
optimum  cutting  depth  and  cutting  angle  is  found  to  be 
L  =  17.5  mm  and  62°.  With  this  profile,  the  measured 
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Figure  3:  Normalized  multipole  error  vs.  multipole  number 
for  the  shinuned  and  chamfered  Q2  magnet 


n=6  error  is  —5.25  x  10-9.  By  designing  the  pole  profile 
well,  so  that  the  contribution  of  n=6  error  in  the  central 
region  of  the  magnet  is  small,  the  sane  pole  end  profile 
should  work  on  any  length  quadrupole  magnet. 

After  chamfering  the  pole-ends  and  shimming  the  core, 
all  multipole  error  levels  are  measured  over  the  full  excita¬ 
tion  range,  and  the  results  are  given  in  Fig.  3.  The  result- 
s  show  that  the  described  shims  and  pole-end  profile  are 
good  enough  to  set  all  multipole  error  components  below 
the  specified  criteria. 

Quadrupole  excitation  properties  are  measured  on  the 
unchamfered  Q2  magnet  and  the  chamfered  Q1  and  Q2 
magnets.  The  chamfer  angle  is  62°  with  respect  to  the  pole 
faces,  and  the  depth  of  cut  is  17.5  mm.  Before  taking  data, 
the  magnet  current  is  cycled  three  times  from  0  Amperes 
to  130  Amperes  to  condition  any  hysteresis  effects.  Then, 
the  magnetic  fields  are  measured  at  each  excitation  cur¬ 
rent.  The  current  normalized  quadrupole  field  /  r9B'dl/ 1 
is  maximum  at  /  ~  82  [A],  and  is  2.277  x  10"3  [T-mJ  for 
the  unchamfered  Q2,  2.062  x  10~3  [T-m]  for  the  cham¬ 
fered  Q2,  and  0.885  x  10-3  [T-m]  for  the  unchamfered  Ql. 

A  plot  of  efficiency  ~  l)  versus  curren- 

t  is  shown  in  Fig.  4.  Assuming  that  the  contributions  of 
fringe  fields  to  the  effective  length  are  the  same  on  both  the 
chamfered  Ql  and  the  chamfered  Q2  magnets,  and  using 
(Leff  =  I*  core  +  L/rinf)  >  and  from  the  field  integral  mea¬ 
surement  jiff  =  &d7fi3g  =  2.330  at  1=82.6  [A],  we  have 

Ljrin/t  —  49.0  mm.  Then,  the  effective  length  of  the  Ql 
and  Q2  magnets  are  Ljh  =218  mm,  L^jj  =  508  mm  re¬ 
spectively.  The  field  gradients  calculated  with  these  effec¬ 
tive  lengths  compares  well  with  the  theoretically  (pi  =  oo) 
calculated  B'. 

The  measured  magnet  efficiencies  are  greater  than  99.5% 
for  all  excitations,  indicating  that  the  levels  of  saturation 
are  acceptable  for  both  magnets. 


Figure  4:  Difference  in  normalized  /  r0B'dl  versus  current: 
Normalized  at  1=82.6  A.  *;  as  assembled,  A;  chamfered 
and  shimmed  Ql,  and  -f;  chamfered  and  shimmed  Q2. 

IV  Conclusion 

Prototype  quadrupole  magnets  for  the  PLS  storage  ring 
have  been  designed  and  built.  They  feature  asymmetric 
iron  cores  to  facilitate  the  installation  of  the  vacuum  cham¬ 
bers  and  photon  beam  lines.  Results  of  magnetic  measure¬ 
ments  of  the  prototype  quadrupole  magnets  are  summa¬ 
rized.  To  meet  the  specifications  set  by  the  beam  dynamics 
requirements,  end  chamfering  and  shimming  experiments 
are  performed  on  the  Q2  magnet,  which  lias  eight  remov¬ 
able  pole-end  pieces.  The  corrected  magnet  has  an  efficien¬ 
cy  >  99.5%  for  magnetic  field  gradients  G  <  17  [T/m],  and 
higher  order  multipole  error  levels  are  less  than  the  speci¬ 
fied  tolerances  for  all  excitations,  indicating  that  the  mag¬ 
net  has  appropriate  properties  for  the  PLS  Storage  Ring 
quadrupole  magnet. 
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Abstract 

The  magnetic  measurement  data  of  the  first  34  of  the 
required  68  production  magnets  for  the  injector  synchrotron  are 
summarized.  The  magnetic  measurement  method  of  the  field 
strength  and  field  shape  relative  to  a  reference  magnet  is 
described.  The  standard  deviation  of  the  integrated  field 
strength  for  the  34  magnets  is  3.3X10*4  and  the  variation  of 
the  integrated  field  with  transverse  displacement  of  ±25  mm  is 
less  than  2. 5x1  O'4. 


I.  INTRODUCTION 

The  injector  synchrotron  dipole  magnets  for  the  7-GeV 
Advanced  Photon  Source  (APS)  are  to  be  excited  from  0.0447 
T  to  0.7011  T  during  a  ramp  time  of  0.25  s.  The  magnetic 
length  and  pole  gap  are  3.077  m  and  40  mm,  respectively. 
The  relative  tolerance  for  the  integrated  field  strength  is  2xlfr3 
and  the  tolerances  for  quadrupole  and  sextupole  coefficients  at  a 
radius  of  25  mm  are  5xl0'4  and  1.2xl0'3,  respectively. 
Detailed  descriptions  of  field  shapes  of  the  integrated,  2-D,  and 
end  field  for  the  pre-production  magnet,  including  3-D 
calculations,  are  summarized  in  Ref.  [1].  The  measured  data 
for  the  first  34  of  the  required  68  production  magnets  are 
described  in  this  paper. 


H.  MEASUREMENT 

The  integrated  field  strength,  not  the  local  field  variation, 
along  the  beam  orbit  is  an  important  parameter  to  be 
measured.  However,  since  the  2-D  "body”  field  along  the 
magnet  axis  for  a  laminated  magnet  depends  on  how  smoothly 
the  laminations  are  stacked,  the  variation  of  the  vertical  field 
and  magnet  pole  gap  are  measured.  In  Figure  1,  the  field 
variation,  measured  every  2.5  cm  with  a  Hall  probe,  and  the 
inverse  of  the  gap  along  the  beam  obit  are  plotted.  Here,  the 
average  measured  gap  of  39.88  mm  and  the  average  measured 
field  of  0.7488  T  at  1000  A  are  used  for  the  plot  It  is  seen 
that  the  field  variation  closely  follows  that  of  the  gap.  It  has 
been  identified  that  the  gap  variation  is  due  to  displacements  of 
the  laminations  during  welding  of  the  bolting  fixtures  and 
support  steel  {dates  after  the  lamination  stacking.  The  local 
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field  variation  in  Figure  1  is  less  than  2xl0*3  and  will  not  be 
harmful  for  the  positron  beam. 


Field  meaaimmeatrt  1000  (A] 
Estimated  Held  from  gap  moaauromort 


Figure  1.  Magnetic  field  along  the  beam  orbit.  The  solid  line 
shows  the  measured  field  and  the  dashed  line  shows  the 
estimated  field  from  the  gap  measurement 

A  general  description  of  the  magnetic  measurement  system 
is  given  in  Ref.  [2].  Two  sets  of  integral  coils,  one  for  the 
reference  magnet  and  one  for  production  magnets,  are  made  by 
placing  two  layers  of  seven  printed  circuit  (PC)  coils  on  an 
aluminum  block  along  the  beam  orbit  For  measurement  of 
an  average  magnetic  field  inside  1.5  m,  a  short  version  of  the 
PC  coils  is  placed  on  top  of  the  full  integral  coil. 

When  the  magnet  current  is  ramped  up  and  down  between  0 
A  and  1025  A  (7.7  GeV)  in  120  s,  a  0.5-s  trigger  signal 
generated  by  a  time-base  and  gated  trigger  units  is  fed  into  four 
digital  integrators  and  a  digital  multimeter.  The  coil  signal 
from  the  reference  magnet  (reference  signal)  and  the  bucked 
signal  between  the  coils  for  the  reference  and  production 
magnets  are  integrated.  Then,  the  integrated  data  for  the 
reference  magnet  and  the  current  transducer  readings  are  least- 
square-fitted  to  a  straight  line  and  die  fitting  coefficient  and  the 
signal  form  are  used  to  check  the  measurement  condition.  The 
integrated  data  of  the  reference  and  bucked  signals  are  also 
least-square-fitted  to  a  straight  line.  The  fitting  coefficient 
represents  the  relative  magnetic  field  strength  between  the 
reference  and  the  production  magnets.  The  positioning  error  of 
the  integrated  coil  is  estimated  to  be  less  than  lxlO*4,  and  the 
repeatability  of  the  fitting  coefficient  when  measured 
consecutively  is  better  than  2xl0"s. 
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The  integrated  field  shape  is  measured  by  moving  the  same  The  measured  data  for  the  34  magnets  are  listed  in  Table  1. 
integral  coils  in  the  transverse  direction.  When  the  integral  Magnet  BDP003  is  used  as  the  reference.  The  first  two 
coil  in  the  testing  magnet  is  moving  in  the  transverse  columns  after  the  magnet  number  in  the  First  column  are  the 
direction,  the  trigger  signals  are  generated  from  a  linear  encoder  relative  integrated  and  1 .5-m  average  2-D  fields,  respectively, 
and  the  integral  coil  signal  is  measured  using  the  digital  and  are  plotted  in  Figure  2.  Except  for  the  magnets  BDP006 
integrators.  and  BDP007,  the  relative  field  strength  varies  less  than  lxlO-3. 

Table  1. 

Measured  data  for  the  34  production  magnets. 


(ABL0/Brefi'o  in  the  third  column  is  the  2-D  average  field  with  Lo  *  1.5  m.) 
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Figure  2.  Variation  of  relative  magnetic  field  strength. 

The  survey  angles  in  the  fourth  column  in  Table  1  are  the 
differences  between  the  angles  at  die  survey  reference  positions 
and  the  average  angles  for  20  measurements  along  the  magnet 
length,  which  rue  also  plotted  in  Figure  3.  The  angles  vary 
within  10.3  mrad  along  the  longitudinal  positions.  There 
seems  to  be  a  systematic  tendency  in  fabrication  procedure  that 
at  the  negative  z  end,  all  but  a  few  of  the  magnets  twist  to  the 
same  direction. 


iN 

Figure  3.  Twist  angles  along  the  magnets  relative  to  the 
survey  reference  positions  for  the  20  magnets. 

The  last  four  columns  in  Table  1.  are  the  data  for  the 
integrated  field  variation  with  the  transverse  displacement  of 
±23  nun  at  four  excitation  currents.  The  data  at  the  injection 
and  extraction  currents  are  plotted  in  Figure  4.  Slightly  less 
field  variation  at  the  extraction  energy  seems  to  be  due  to  a 
slight  field  saturation  at  the  pole  shims.  The  field  variations 
for  the  two  currents  are  less  than  2.3  x  1CK 


Figure  4.  Integrated  field  variation  with  the  transverse 
displacement  of  ±23  mm. 


in.  CONCLUSION 

For  the  68  required  production  magnets  for  the  injector 
synchrotron  of  the  7-GeV  APS,  measured  data  for  34  magnets 
show  that  one  standard  deviation  of  the  integrated  field  strength 
is  3.3xl0*4  and  the  integrated  field  quality  with  transverse 
displacement  of  ±25  mm  is  better  than  2.3x1  O'4.  The 
tendency  of  the  integrated  field  strength  to  vary  from  magnet  to 
magnet  seems  to  be  decreasing  as  magnet  production 
continues. 
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Abstract 

A  magnet  measurement  facility  for  semi-automatic 
measurement  control  and  real-time  data  analysis  has  been 
developed  to  measure  more  than  1000  magnets  for  the  Advance 
Photon  Source  (APS).  One  dipole  and  three  rotating  coil 
measurement  systems  and  corresponding  probe  coils  are 
described. 


used  as  the  bucking  coils  for  the  field-integral  and  2-D  field 
measurements.  These  coils  are  calibrated  against  the  Hall-cart 
measurements. 

The  probe  coils  are  flat  printed  circuit  coils  connected  in 
series  according  to  the  curvature  of  the  magnet  A  printed 
circuit  coil  is  0.5  m  long  with  an  average  width  of  6.8  mm, 
height  of  3.3  mm,  and  170  turns. 

Table  1 

Main  Characteristics  of  the  APS  Magnets 


I.  INTRODUCTION 

Magnetic 

Pole  gap. 

Field 

No.  of 

lengthen) 

dia.(mm) 

strength 

magnet 

Hie  APS  magnet  system  requires  more  than  1000 

SR  dipole 

3.06 

60 

0.599T 

80 

conventional  resistive  magnets  for  the  storage  ring  (SR), 

IS  dipole 

3.10 

40 

0.696T 

68 

injector  synchrotron  (IS),  positron  accumulator  ring  (PAR), 

PAR  dipole 

0.80 

45 

1.47T 

8 

and  beam  transports  [1].  Main  characterisitics  of  the  magnets. 

SR  quad 

.5/.6Z.8 

80 

18.9T/m 

400 

except  those  for  foe  beam  transport,  are  listed  in  Table  1.  The 

SR  sext 

0.24 

100 

490T/m2 

280 

magnets  are  required  to  measure  and  evaluate  the  field  strength 

IS  quad 

0.60 

56.56 

"  9T/m 

80 

and  field  quality  to  a  few  parts  in  10"4  to  verify  the  tolerance 

IS  sext 

0.20 

70.01 

i.  jT/m2 

68 

requirements.  Equally  important  parameters  to  be  measmed  for 

PAR  quad 

0.25 

120 

4T/m 

16 

the  magnet  alignment  are  the  magnetic  axis  and  roll  angle  with 

PAR  sext 

0.20 

130 

lOT/m 

10 

respectively.  The  measured  data  is  also  being  used  for  the 
quality  control  of  the  magnet  fabrication  procedures  and  the 
correction  of  some  magnets  with  unacceptable  tolerances. 

In  order  to  meet  the  project  schedule  and  technical 
requirements  of  die  measurements,  a  magnet  measurement 
facility  has  been  developed.  The  facility  includes  a  dipole 
measurement  system,  three  rotating  coil  systems  for 
quadrupole  and  sextupole  magnets.  Hall-probe  field  mapping, 
and  various  types  of  probe  coils.  The  measurement  systems 
have  been  extensively  tested  in  parallel  with  the  development 
of  various  prototype  magnets. 
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A  block  diagram  of  the  dipole  sjratem  is  shown  in  Fig.  1. 
A  3-D  mapping  unit  with  a  calibrated  Hall  probe  measures 
detailed  end-field  and  2-D  field-shape  for  the  prototype  and 
reference  magnets.  A  Hall-cart  unit  is  used  to  measure  the 
field  integral  along  the  designed  beam  orbit  of  the  reference 
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The  production  dipoles  are  measured  comparatively  with 
respect  to  a  reference  dipole.  Two  sets  of  curved  coils  are  used, 
one  fixed  in  the  reference  magnet  and  one  in  the  testing 
production  magnet  The  two  cods  in  the  reference  magnet  are 
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Figure  1.  Block  diagram  of  the  dipole  measurement  system. 
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Four  high-precision  digital  integrators,  which  are  voltage- 
to-frequency  converters,  are  used;  one  each  for  the  field  integral 
and  2-D  field  of  the  reference  magnet  and  two  for  the  respective 
bucking  signals  between  the  two  magnets.  Since  the  integrator 
connections  conform  to  G-64  Gespec  Crate  specifications, 
IBM  digital  I/O  interfaces  and  other  modules,  developed  for  the 
measurement  control  and  data  acquisition,  were  modified  to 
configure  to  Gespec  Crate  requirements. 

An  operating  system  shell  on  MS-DOS  called  GPDAS  has 
been  developed  to  provide  greater  flexibility  when  taking 
measurements  and  performing  data  analyses  [2].  The  shell 
contains  the  software  drivers  to  interface  with  GPEB  and  digital 
I/O  boards,  Gespec  Crate,  and  other  required  PC  boards. 

The  measurement  procedures,  including  control  of  the 
magnet  current  and  data  analyses  in  "real-tune,"  are  automated. 
For  measurement  of  IS  dipoles,  which  have  an  "H-type"  cross 
section,  the  probe  coils  are  installed  and  removed  manually 
through  one  end  of  the  magnet  However,  since  the  pole  gap 
of  the  "C-type"  SR  dipole  is  accessible  fiom  one  side  of  the 
magnet  this  measurement  procedure  is  fully  automated. 

During  the  prototype  and  production  measurements  of  IS 
dipoles,  it  has  been  firmly  established  that  relative  accuracy 
and  reproducibility  of  the  field  strength  and  field  shape 
measurements  are  better  than  lxlO'4. 


ffl.  MULTIPOLE  MEASUREMENT  SYSTEMS 

Two  of  the  three  systems  are  modified  versions  of  the 
rotating  coil  measurement  bench  developed  at  CERN  and 
fabricated  by  Danfysik  [3].  The  third  system,  developed  at 
Argonne,  has  additional  features  for  measurement  flexibilities 


Figure  2.  Block  diagram  of  the  rotating  coil  measurement 
system. 


such  as  different  probe  lengths.  Shown  in  Fig.  2  is  a  block 
diagram  of  the  rotating  coil  system.  A  rotating  coil  cylinder, 
supported  by  two  air-bearings,  is  rotated  by  a  DC  motor.  A 
15-bit  absolute  encoder  triggers  die  integration  of  the  induced 
voltage  in  the  coil  at  2S6  angular  positions  per  turn. 

Since  the  air-bearing  positions  are  fixed  to  the  base  table, 
the  magnet  position  has  to  be  controlled  and  pre-aligned  to  the 
rotating  coil  axis  using  five  stepping  motors.  A  precision  laser 
and  photo-quadrant  detector  are  used  for  the  alignment  The 
position  of  the  laser,  mounted  on  one  end  of  the  base  table,  is 
precisely  measured  from  the  axis  of  the  rotating  coil  cylinder. 
The  detector,  mounted  in  a  Taylor-Hopson  ball,  is  placed  on 
top  of  the  testing  magnet  From  the  harmonic  analysis  of  the 
rotating  coil  measurements,  the  magnet  is  aligned  tr 
rotating  coil  axis.  Then,  die  detector  reads  the  fiducial  po 
with  respect  to  the  magnetic  center. 


geometries. 

IV.  ROTATING  COIL  PROBES 

One  of  the  critical  components  for  the  multipole 
measurements  is  the  rotating  coil  probe.  Figure  3  represents 
the  cross  section  of  a  rotating  coil  geometry.  The  probe  in 
Fig.  3  has  two  different  types  of  coils;  "radial"  and 
"tangential."  The  radial  coil  set  is  located  in  the  plane  of  the 
x-axis,  while  the  tangential  coil  set  is  installed  on  the  cylinder 
surface.  The  radial  coil  set  consists  of  two  separate  coils,  one 
for  measuring  the  main  field  and  one  for  multipole 
coefficients  after  bucking  the  main  field. 

In  Table  2  parameters  of  the  two  types  of  coil  sets  for 
quadruple  and  sextuple  measurements  are  listed.  The  ratio  of 
the  number  of  turns  and  the  radii  of  the  coils  are  denoted  as 
Na/Nfc  and  r^r^,  respectively. 

The  tangential  coil  set  in  Fig.  3  consists  of  a  A-coil,  re- 
coil,  and  two  n/2-coils.  The  re-coil  measures  the  dipole  field 
component,  while  the  two  n/2 -coils  measure  the  quadrupole  or 
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Table  2 

Parameters  of  routing  coils 


wdwnk 

SCXtHDOlC 

s&tauL 

Na/Nb 

1/2 

6/21 

*aiAa2 

0.5 

0.5 

IB2FA2 

0.625 

0.6266 

IB1AA2 

0.125 

0.4224 

lanywriat  enil 

nd/Na 

1/6 

— 

nq/Na 

1/6 

1/7 

Ns/Na 

- 

2/7 

A-coil 

19.471* 

15.388* 

twox/2-coiIs 

measure  BV 

measure  B'4  B7 

x-coil 

measure  Bl 

measure  Bf 

sextupofe  field  component,  depending  on  the  connection  of  the 
two  coils.  These  coils  are  also  used  for  bucking  the  main  field 
and  measuring  lower  harmonics. 

The  advantage  of  having  two  types  of  coil  sets  on  the  same 
cylinder  is  dial  the  validity  of  the  measurements  can  be  cross- 
examined  at  the  same  condition.  For  the  SR  qoadrupoles,  for 
example,  the  measured  sextupote  coefficients  from  the  two 
coils  agree  within  0.4x10^  at  a  radius  of  25  mm. 

For  the  alignment  parameters,  however,  the  two  coil  sets 
behave  some  what  differently.  Shown  in  Fig.  4  is  the 
measured  position  of  the  magnetic  cento1  for  six  hours.  Hie 
laser  detector,  which  is  positioned  on  top  of  the  magnet, 
monitors  the  stability  of  the  laser  beam.  The  magnetic  cento 
measurements  from  the  two  coils  agree  to  within  15  pm  and 
vary  less  than  10  pm  in  both  the  x-  and  y-axes.  The  roll  angle 
measurements  in  Fig.  5  show  that  the  tangential  coil 
measurements  are  stable  to  within  0.1  mrad,  while  those  for 
the  radial  coil  vary  ±0.5  mrad. 


V.  CONCLUSIONS 

The  magnet  measurement  facility  meets  the  technical 
requirements  for  measurement  accuracies.  The  relative 
measurement  accuracy  and  reproducibility  of  the  field  integrals 
and  field  shapes  for  dipoles  are  better  than  lxlO*4.  The  three 
rotating  coil  systems  measure  the  2-D  and  3-D  integral  values 
of  the  main  fields  and  multipole  coefficients  with  relative 
accuracies  of  tlxlO*4.  The  measurement  accuracies  of  the  roll 
angle  of  the  main  field  and  the  magnetic  center  to  the  fiducal 
positions  are  ±0.3  mrad  aid  ±60  pm,  respectively. 
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Figure  4.  Stability  of  the  laser  beam  and  the  magnetic  center 
measurements  using  radial  aid  tangential  coils.  The  initial 
data  have  offsets. 


Figure  5.  Stability  of  the  magnet  roll  angle  measurements 
using  radial  and  tangential  coils.  The  electronic  tiltometer 
(Nivel)  reading  has  an  initial  offset 
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Abstract 

The  pre-production  quadrupole  magnet  for  the  Advanced 
Photon  Source  (APS)  storage  ring  has  been  tested  The 
multipole  coefficients  meet  the  tolerance  requirements.  The 
field-gradient  integrals  are  measured  relative  to  a  reference 
quadrupole.  By  using  two  laser  beam  units,  the  magnetic  and 
geometrical  axes  of  the  magnet  are  aligned  within  0.2  mrad 
The  dependencies  of  the  sextupole  coefficient  and  the  magnetic 
center  on  the  excitation  current  are  corrected  by  shunting  the 
magnetic  potentials  of  the  top  and  bottom  yokes. 


plane  of  the  magnet  as  shown  in  Fig.  1.  The  magnet  has 
pole-end  bevels  of  9.6  mm  x  17.4  mm  and  pole  chamfers  of 
16.S  mm  [2].  The  shims  at  both  edges  of  the  hyperbolic  pole 
face  have  6-mm-straight  contours  perpendicular  to  each  other, 
and  are  used  as  die  reference  directions  for  stacking  the 
laminations. 

Listed  in  Table  1  are  the  design  parameters  for  the  five- 
family  quadrupokss,  Ql,  Q2,  Q3,  Q4  and  QS,  and  excitation 
efficiencies  measured  for  an  0.8-m  pre-production  magnet  at 
the  corresponding  operating  currents.  By  asymmetrically 
widening  the  poles,  die  efficiency  for  the  7-Gev  operation  is 
better  than  965%. 


I.  INTRODUCTION 

The  APS  storage  ring  (SR)  requires  400  normal 
quadrupole  magnets,  consisting  of  five  families  with  three 
different  magnetic  lengths  [1].  The  quadrupoles  are 
conventional  resistive  magnets;  each  of  diem  is  excited  by  an 
independent  DC  power  supply.  AH  the  magnets  have  the  same 
2-D  geometry  and  bore  radius  of  40  mm. 

In  spite  of  the  conventional  nature  of  the  quadrupole,  the 
design  of  the  magnet  cross  section  is  severely  restricted  for  the 
accomodation  of  die  vacuum  chamber  as  shown  in  Fig.  1. 
The  top  and  bottom  halves  of  the  magnet  are  not  connected 
with  flux-return  yoke;  they  are  connected  mechanically  with 
aluminum  spacers  between  the  halves.  Each  of  the  top  and 
bottom  halves  consists  of  two  welded  quadrants  stacked  with 
1.5-mm-thick  laminations. 

In  order  to  maximize  the  excitation  efficiency,  the  pole 
bases  are  asymmetrically  widened  22  mm  towards  the  vertical 


Table  1 

Parameters  for  the  400  quadrupole  magnets 


O1 

Q2 

Q3 

Q4 

Q5 

#  mag 

80 

80 

80 

80 

80 

L(m) 

050 

0.80 

0.50 

0.50 

0.60 

B’CTAn) 

-10.843 

15.792 

-10.585 

-18.902 

18.248 

BX(I) 

-5.421 

12.634 

-5.293 

-9.451 

10.949 

1(A) 

215 

312 

210 

386 

370 

e(%) 

100 

99.5 

100 

96.5 

97.3 

KA)11 

230 

350 

225 

442 

419 

CIS? _ 

too 

98.3 

100 

92.5 

94.2 

8  for  75-Gev  Operation 


D.  MAGNETIC  MEASUREMENTS 

A.  Measurement  Methods 

Field-gradient  integrals  and  multipole  coefficients  are 
measured  using  a  rotating  coil  technique.  The  probe  coil 
consists  of  a  "radial"  integral  coil  and  a  0.4-m-long 
"tangential"  coil  on  the  same  cylinder  [3].  The  latter  measures 
die  2-D  "body"  multipole  coefficients  averaged  over  a  0.4-m 
axial  length  of  the  magnet 

Using  a  laser  beam  unit,  the  rotating  coil  axis  is  aligned  to 
the  magnetic  axis  by  adjusting  the  magnet  position  and 
minimizing  the  rfipole  component  erf  the  harmonic  analysis. 
Prior  to  this  procedure,  the  geometrical  axis  of  the  quadrupole 
is  aligned  to  the  axis  of  two  air-bearings  as  in  the  following 
method.  A  second  laser  beam  unit  is  installed  and  aligned  with 
the  air-bearing  axis.  A  photo-quadrant  detector  is  placed  at  the 
geometrical  axis  of  the  magnet  aperture.  By  detecting  the  beam 
position  along  the  aperture  axis,  the  magnet  is  aligned.  Since 
die  rotating  coil  cylinder  is  supported  by  the  two  air-bearings, 
the  coil  rotates  at  die  air-bearing  axis.  This  procedure  not  only 
ensures  parallelism  between  the  geometrical  and  magnetic 
axes  within  ±02  mrad,  but  it  also  enables  measurement  of  the 
offset  of  the  two  axes. 

The  field-gradient  integrals  are  also  measured  relative  to  a 
reference  quadrupole  with  a  measurement  reproducibility  of 
±1x10**.  Figure  2  shows  die  cross  sections  of  the  gradient- 
coil  probes;  one  on  the  reference  magnet  and  one  on  the  testing 
magnet  A  probe  consists  of  two  flat  printed-circuit  coils. 
The  probe  in  the  reference  magnet  is  fixed  at  the  geometric  or 
magnetic  center  supported  by  a  G- 10  plate.  The  probe  in  the 
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Figure  1.  Cross  section  of  die  quadrupole  and  the  vacuum 
chamber.  The  magnet  aperture  diameter  is  80  mm.  A  Taylor- 
Hopson  ball  and  alignment  notch  for  the  measurements  of 
magnetic  axis  and  roll  angle  are  shown. 


Figure  2.  Crus  section  of  the  probe  for  die  field-  gradient 
measurements  in  the  testing  magnet 


testing  magnet  is  installed  in  a  G-10  cylinder.  Since  the 
measurement  is  conducted  after  the  routing  coil  measurements, 
the  probe  in  the  testing  magnet  is  located  along  the  magnetic 
axis. 

B.  Multipole  Coefficients 

Shown  in  Fig.  3  are  the  normal  mullipole  coefficients  for 
the  pre-production  magnet  at  four  excitation  currents.  The 
coefficients,  measured  at  an  aperture  radius  of  33  mm,  are 
calculated  at  23  mm.  The  magnitudes  of  the  coefficients  are 
well  within  the  tolerance  of  die  SR  random  multipole  allowed 
errors.  2. 5x1  O'4.  The  measured  values  of  the  first  two 
allowable  coefficients  after  the  main  quadrupole  field.  bS 
(duodecapole)  and  b9,  are  -O.lxlO'4  and  -0.45xl0'4. 
respectively.  The  2-D  calculations  for  the  two  coefficients 
agree  with  the  measurements  better  than  0.05x1 0*4  at  a  25- 
nun  radius. 


Muftipole  Index 

Figure  3.  Multipole  coefficients  at  four  exciution  currents  (b2 

m  coefficient). 


C.  Ambient  Field 

Since  the  top  and  bottom  yokes  are  not  connected 
magnetically,  ambient  field  (mainly  the  Earth  field)  affects  the 
sextupole  and  dipole  coefficients  of  the  magnet.  Plotted  in 
Fig.  4  are  variations  of  the  sextupole  coefficient'  with  and 
without  shunts  of  the  magnetic  scalar  potential  between  the 
top  and  bottom  yoke,  and  with  three  external  fields  using  a 
Helmholz  coil  to  compensate  for  the  Earth  field.  The 
coefficient  b2  varies  4  xlO*4  between  100  and  430  A  without 
shunts.  By  shunting  with  five  1.5-mm-thick  and  76-mm- 
wide  straps  on  both  sides  of  the  magnet,  the  variation  of  b2  is 
corrected  to  within  lxlO*4.  Similarly,  it  was  corrected  by 
applying  magnetic  fields  of  0.4  and  0.8  G. 
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Currant  [A] 

Figure  4.  Sextupoie  coefficients  of  the  quadrupole  with  no  0.8 
and  1.60. 


Plotted  in  Fig.  5  are  the  data  far  offsets  of  the  magnetic 
center  dne  to  the  ambient  field.  When  the  yokes  are  shunted  or 
the  ambient  field  is  compensated,  die  offset  in  the  x-diraction 
does  not  depend  on  the  magnet  excitation  currents.  As 
expected,  die  offset  in  die  y-direction,  which  is  due  to  a 
horizontal  field,  does  not  depend  on  tfa^ambknt  fields. 


HI.  CONCLUSIONS 
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Figure  5.  The  offsets  of  the  magnetic  center  in  the  x-  and  y- 
directians  due  to  ambient  field. 


The  restrictions  of  the  design  geometry  doe  to  die  vacuum 
chamber  have  been  overcomed  by  widening  the  pole 
asymmetrically,  and  an  excitation  efficiency  better  than  96.5% 
has  been  achieved.  The  moltipole  coefficients  are  measured  at 
the  magnetic  axis,  which  is  parallel  to  die  geometrical  axis  of 
the  magnet  within  ±0.2  mrad.  The  coefficients  are  less  than 
25  x  10**  in  magnitude  and  meet  the  tolerance  requirements. 
Using  two  sets  of  gradient  coils,  the  field-gradient  integrals  are 
measured  relative  to  a  reference  quadruple  to  within  lx  UK 
The  sextupoie  coefficient  aid  the  magnetic  axis,  which  depend 
on  the  ambient  field,  are  stabilized  by  shunting  the  top  and 
bottom  yokes. 
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Abstract  IL  DIPOLE  MAGNET 


Design  and  magnetic  measurements  of  the  pre-production 
dipole,  qoadrupoie  and  sexiupole  magnets  for  the  7-GeV 
Advanced  Photon  Source  (APS)  injector  synchrotron  (IS)  an* 


L  INTRODUCTION 


The  cross  section  of  the  symmetrical  dipole  is  shown  in 
Figure  1.  The  laminated  steel  length  of  the  core  is  3.0  m. 
The  top  and  bottom  sections  of  the  magnet  are  clamped 
together  with  bolts  on  both  sides.  The  required  tolerances  for 
quadnipole  and  sextupole  coefficients  at  a  radius  of  2S  mm  are 
5x10"*  and  l^xl0p,(  respectively. 


The  APS  injector  synchrotron  requires  68  dipole,  80 
quadrupole,  and  64  sextupole  magnets  [1].  The  magnets  are 
linearly  excited  to  accommodate  the  energy  of  the  positron 
beam  between  0.45  GeV  and  7  GeV  with  a  ramp  time  of  0.25 
s  and  an  excitation  repetition  rate  of  2  Hz.  The  main 
parameters  for  the  three  major  magnets  are  listed  in  Table  1. 


Table  1. 

Main  parameters  for  major  injector  synchrotron  magnets. 


Dipole 

Quadrupole 

Sextuoole 

No.  of  magnets 

68 

80 

64 

Magnetic  length 

3.077  m 

0.5  m 

0.12  m 

Foie  gap 

40  mm 

56.56  nun 

70  mm 

Field  strength  at 
Injection 

0.045  T 

0.96  T/m 

8.8  T/m3 

(60  A) 

(35  A) 

(4  A) 

Extraction 

0.701  T 

16.6  T/m 

248.0  T/m3 

(930  A) 

(600  A), 

(116  A) 

The  1.5-mm-thidc  laminations  used  for  the  magnets  are  of 
low  carbon  steel  with  coercive  force  less  than  1.0  Oe.  The 
laminations  are  coated  on  both  sides  with  an  epoxy. 

The  magnet  cross  sections  are  symmetrical  and  designed  to 
allow  easy  installation  of  the  vacuum  chamber  by  lifting  the 
upper  half  of  the  magnets.  Pre-production  magnets  have  been 
fabricated  and  the  requited  magnetic  and  mechanical  tests 
completed.  The  pole-end  bevels  for  dipole  and  quadnipole 
magnets  have  been  finalized  during  the  pre-production 
measurements. 


•Work  supported  by  the  U.S.  Department  of  Energy,  Office  of 
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Figure  1.  Cross  section  of  the  dipole  magnet 

The  integrated  field  strength  and  field  variation  with 
transverse  displacement  are  measured  using  3.5-m-loog  curved 
coils  [2].  The  integrated  and  2-D  field  shapes  at  the  extraction 
energy  are  plotted  in  Figure  2.  The  field  variations  with  the 
transverse  displacement  of  ±25  mm  at  the  injection  and 
extraction  fields  are  less  than  2.5x1 0*4  and  1.5x1  O'4, 
respectively.  Ftom  the  least  square  fitting  of  the  measured  data 
within  ±30  mm  transverse  position,  the  quadrupole  and 
sextupole  coefficients  at  25  mm  are  calculated  as  0.5x1c4  and 
-0.7X1C4,  respectively. 

The  pole-end  bevels  are  designed  so  that  the  integrated  and 
2-D  field  shapes  are  not  significantly  different,  as  shown  in 
Figure  2.  The  end  field  shapes  are  measured  with  0.5-m-Iong 
coils  extending  0.25  m  outside  the  core  end.  Figure  3  includes 
the  field  shapes  for  two  bevel  geometries  with  the  solid  line 
showing  the  measurement  data  for  the  final  geometry  (bevel 
#2).  The  integrated  field  for  the  0.5-m-length  found  from  3-D 
computations  for  bevel  *2  is  shown  in  Figure  3  as  a  dashed 
line  [3].  The  calculations  agree  with  the  measurements  to 
within  0.1%. 
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Figure  2.  Integrated  and  1.5-m  averaged  2-D  field  shape  at  the 
extractkn  energy  witfa  respect  to  tbe  transverse  displacement 
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Figure  3.  0.5-m  end  section  field  shape  at  the  extraction 
energy  with  respect  to  the  transverse  displacement. 

Table  2. 

Description  of  die  data  points  in  Figure  4. 


Measurement 

Number 

Remark 

ABL 

BL 

1 

initially  torqued  to  150  ft-lb 

-1.7x10-* 

2 

reassembled  ft  torqued  to  50  ft-lb 

1.0x10* 

3 

torqued  to  100  ft-lb 

0.2x10* 

4 

torqued  to  150  ft-lb 

-0.9x10* 

5 

reassembled  ft  torqued  to  150  ft-lb 

-0.2x10* 

6 

reassembled  ft  torqued  to  150  ft-lb 

0.3x10* 

7 

measurement  repeated 

0.3x10* 

8 

reassembled  ft  torqued  to  50  ft-lb 

1.7x10* 

9 

torqued  to  100  ft-lb 

1.5x10* 

10 

torqued  to  ISO  ft-lb 

0.7x10* 

11 

torqued  to  175  ft-lb 

-0.7x10* 

12 

toraued  to  200  ft-lb 

-1.7x10* 

In  order  to  assure  the  field  reproducibility  of  the  dipole 
before  and  after  installation  of  the  vacuum  chamber  and 
associated  removal  of  tbe  upper  half  of  the  magnet,  the 
dependence  of  the  field  integrals  on  tbe  clamping  force  of  the 
bolts  in  Figure  1  were  determined.  There  are  26  bolts  on  ewh 
side  of  the  magnet  Figure  4  shows  tbe  reproducibility  of  tbe 
field  integrals  for  several  values  of  the  torques  on  the  bolts. 
The  data  indicate  that  clamping  at  higher  torques  distorts  the 
magnet  geometry.  It  was  indeed  confirmed  with  gap  height 
measurements  that  larger  torques  correspond  to  increases  in  gap 
height  and  decreases  in  field  integral  Repeatability  of  the  field 
integral  is  best  achieved  within  0.7x10*  at  a  lower  torque  of 
50  ft-lb. 


0  50  100  150  200  250 

Torqu*  lb-*J 


Figure  4.  Variation  of  tbe  dipole  field  integrals  with  bolt 
clamping  torques  at  the  extraction  energy.  (See  Table  2  for 
descriptions  of  the  data  points.) 


in.  QUADRUPOLE  AND-  SEXTUPOLE 
MAGNETS 

Tbe  cross  sections  of  the  quadnipole  and  sextupole  magnets 
are  shown  in  Figure  5  (a)  and  (b).  The  quadrupole  magnet  has 
pole-end  bevels  of  a  30*-cut  on  five  laminations.  Tbe 
magnetic  lengths  of  the  quadnipole  and  sextupole  are  0.5  m 
and  0.12  m,  respectively. 

A  rotating  coil  system  is  used  for  the  magnetic 
measurements  [2].  Tbe  measurements  are  conducted  when  the 
rotation  coil  is  aligned  to  the  magnetic  axis.  The  radii  of  the 
probe  coils  for  quadrupole  and  sextupole  are  both  25  mm. 

Relative  multipole  coefficients  of  tbe  quadnipole  magnet  at 
a  radius  of  25  mm  are  shown  in  Figure  6  at  four  different 
excitation  currents.  The  skew  and  other  normal  coefficients 
less  than  1x10*  are  not  included  here.  There  are  relatively 
small  variations  with  current.  Since  the  rotating  coil  axis  is 
aligned  to  the  magnetic  axis,  the  dipole  component,  which  is 
not  shown  in  Figure  6,  is  zero.  Since  the  two  poles  in  each 
lamination  are  accurately  located,  the  sextupole  component  is 
negligibly  small.  The  bevels  increased  bs  (dodecapole)  by 
27.0x10*  with  respect  to  an  unbeveled  case,  while  decreasing 
b9  (20-pole)  by  3.1x10*. 
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(a)  quadropolc 


MuMpole  index 

Figure  6.  Multipole  coefficients  of  the  quadrupole  at  four 
different  currents.  (Index  3  is  the  octupole  coefficient) 
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Figure  7.  Multipole  coefficients  of  the  sextupole  at  four 
different  currents. 

IV.  CONCLUSION 


By  choosing  correct  geometries  for  the  laminations  and 
pole-end  bevels,  the  integrated  field  shape  of  the  dipole  magnet 
is  flat  within  2.5X10*4  in  the  required  field  region.  Clamping 
force  between  the  top  and  bottom  sections  of  the  magnet  was 
optimized  to  reproduce  the  field  strength  to  within  0.7x1  O'4. 
The  geometry  of  the  pole-end  bevel  for  the  quadrupole  was 
selected  with  the  multipole  measurements.  Multipole 
coefficients  of  the  quadrupole  and  sextupole  magnets  satisfy 
the  required  field  qualities. 


(b)  sextupole 
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Abstract 

A  preliminary  analysis  of  the  measured  magnet  data  of  the 
multipole  magnets  to  be  installed  in  the  Advanced  Light 
Source  (ALS)  storage  ring  had  been  given  in  the  last  con¬ 
ference  of  this  series  [1].  That  analysis  was  based  on  measure¬ 
ments  of  about  one- third  of  the  entire  magnet  complement, 
and  some  of  its  findings  had  to  be  revised  after  obtaining  more 
data.  The  present  paper  gives  an  account  of  the  integrated 
fundamental  field  strengths  of  all  installed  storage  ring  lattice 
magnets.  For  the  multipole  magnets,  these  values  are  listed  as 
analytical  expressions  with  four  or  five  parameters,  that  cover 
die  entire  excitation  range  and  include  residual  strength.  Based 
on  this  final  analysis,  all  gradient  and  quadrupole  magnets 
w rare  qualified  for  installation,  whereas  the  sextupole  magnets 
had  to  be  individually  trimmed  to  bring  their  effective  funda¬ 
mental  strengths  into  the  desired  tolerance  band. 

i 

I.  INTRODUCTION 

The  measurements  of  all  lattice  magnets  for  die  Advanced 
Light  Source  (ALS)  [2]  storage  ring  have  been  completed 
since  the  last  conference  of  this  series  [3].  For  the  production 
magnets,  the  main  concern  lies  in  the  magnet-to-magnet  repro¬ 
ducibility  of  their  fundamental  excitations,  whereas  the  higher- 
order  multipole  errors  are  largely  determined  by  the  given  pole 
shapes,  optimized  in  earlier  investigations  of  engineering 
models  of  each  basic  magnet  type  [4], 

The  quadrupole  and  sextupole  magnets  were  measured 
using  rotating,  integrating  coils.  Their  excitation  curves  are 
approximated  by  analytical  expressions  that  include  two  fitting 
parameters  for  the  saturation  effect  and,  in  the  case  of  quadru¬ 
ples,  another  fitting  parameter  to  compensate  for  residual 
excitation.  These  approximations  are  more  refined  than  the 
ones  published  earlier  [1]. 

All  measurements  have  been  taken  with  rising  excitation 
current,  after  conditioning  every  magnet  to  the  maximum 
power  supply  current  and  then  reducing  the  excitation  current 
to  zoo.  For  the  storage  ring  gradient  magnets  elaborate  Hall 
probe  scans  had  to  be  performed  to  ascertain  sufficient  accuracy 
for  the  measurements  of  their  quadrupole  components.  These 
Hall  maps  were  numerically  integrated  to  derive  integrated 
dipole  and  quadrupole  components,  effective  lengths,  and  effec¬ 
tive  edge  angles. 

The  evaluation  procedures  and  results  will  be  discussed  in 
detail  for  every  magnet  type.  All  nominal  magnet  parameters 
given  below  refer  to  the  standard  beam  energy  of  1.5  GeV. 

H.  DEFINITIONS 

Integrated  strengths  of  multipole  magnets,  d0*1  (BL)/dxn'1, 

•This  work  was  supported  by  the  Director,  Office  of  Energy 
Research,  Office  of  Basic  Energy  Sciences,  Material  Sciences 
Division,  U.S.  Department  of  Energy,  under  Contract  No. 
DE-AC03-76SF00098. 
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are  listed  in  the  tables  below  as  transfer  functions  T(I)  of  the 
excitation  current  I  [A],  with  B,  local  flux  density  [T];  L, 
effective  length  [m];  x,  horizontal  coordinate  [m];  n*2  for 
quadrupoles;  and  n=3  for  sextupoles.  ^ 


The  commonly  used  k-values  are  computed  from  these 
values  as:  * 


k  ^  1  _  d^QBL) 

n  Bi  pL  dx»-l 


0) 


The  beam  rigidity  is  always  Bj  p  =  5.00536  [T  m]. 


The  tolerance  band  for  the  relative  mors  of  integrated  mag¬ 
net  strengths  was  set  to  ±1  x  10~3  for  the  la  width  of  the  ac¬ 
tual  distribution,  with  an  absolute  cut-off  limit  of  ±2  x  10' 3 
15]. 


m.  APPROXIMATION  FORMULAE 

Magnetic  measurements  have  been  carried  out  on  each  of 
die  individual  lattice  magnets  after  three  times  cycling  the  ex¬ 
citation  current  from  zero  to  the  maximum  of  the  power 
supply  and  back  to  zero.  Various  excitation  values  were  then 
set  by  monotonically  raising  the  current  from  zero  to  the 
desired  level.  This  procedure  means  that  in  the  course  of  the 
measurements  a  transition  from  the  upper  to  the  lower  branch 
of  tiie  hysteresis  loop  has  been  made,  see  Figure  1,  and  this 
fact  is  relevant  for  all  quadrupole  measurements. 


Figure  1.  Construction  of  the  lower  branch  of  a  hysteresis 
loop  from  magnet  measurements  Fj>meas  (open  circles) 
affected  by  residual  fields.  Residual  field  and  saturation  effects 
are  exaggerated  in  this  illustration. 
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To  reconstruct  the  lower  hysteresis  branch  for  a  magnetic 
quantity  F  (e.g.  integrated  gradient  for  quadrupoles),  the  data 
measured  near  zero  current  have  to  be  reduced  to  ideal 
data  Fj  by  subtracting  twice  the  measured  residual  value  F^. 
This  reduction  then  must  gradually  vanish  as  the  measured 
points  approach  the  actual  hysteresis  (  ranch.  An  exponential 
expression  (2)  with  a  fitting  parameter  C  was  developed  to 
provide  the  reduction,  assuming  that  ten  measurement  with 
running  number  i  have  been  taken,  with  beginning  saturation 
effects  at  the  last  three  values: 

Fi  =  Fiimeas-2Fres/exp{Ii/(CIc)}  [ISiSlO]  (2) 

The  coercive  current  Ic  (absolute  value)  is  determined  by 

Ic  =  Fres  !  Traw  (3) 

with  an  approximate  “raw  transfer  function”  given  by: 

Traw  —  <Fi,meas  /  Ij>  [4  £  i  ^  7]  (4) 

C  is  recursively  optimized  such  that  the  reduced  value  at 
the  first  current,  Fj,  matches  the  average  reduced  transfer  func¬ 
tion  T  of  the  other  values  in  the  linear  part  of  the  hysteresis: 

Fi  /  (If  -  Ic)  =  Tun  a  <Fj  /  (Ij  -  Ic)>  [4£i<17]  (5) 

For  the  three  quadrupole  families,  the  individual  optimum 
C  values  were  separately  averaged,  and  these  values  were  then 
applied  once  more  to  each  data  set  No  residual  fieiJ  measure¬ 
ments  had  been  made  with  the  sextupoles,  and  therefore  the 
lower  excitation  values  have  been  given  less  weight  in  the 
evaluation  of  transfer  function  coefficients. 

To  determine  a  closed  expression  for  the  transfer  function 
T(I)  at  arbitrary  excitation  currents  I  over  the  full  range  of  the 
constructed  hysteresis  curve,  a  saturation  term  is  introduced: 

TO)  =  Tii„  /  { 1+((I  -  Ic)/IS)A  }  (6) 

where  A  is  a  fitting  parameter  that  is  kept  constant  for  all 
magnets  of  one  family  (A  «  3  for  quadrupoles)  and  die  “satura¬ 
tion  current”  Is  is  individually  calculated  as: 

Is  =  <di  -  Ic)  *  (Tlin/Tj  -  1)'1/A>  [8  <1  i  5  10]  (7) 

with 

Tj  =  Fj  /  (Ii  -  Ic)  (8) 

The  optimization  of  A  is  performed  by  minimizing  the 
differences  Rj  between  all  individual  Fj  /  (I  -  Ic)  values  and  the 
determined  average  transfer  function  T(I  -  Ic)  from  eq.  (6): 

Ri=T(I-Ic)-Fi /(I-Ic)  [1  £  i  £  10]  (9) 

The  following  expression  can  then  be  used  to  compute  ac¬ 
tual  values  of  the  magnet  strength  of  interest  for  a  given 
power  supply  current,  I: 

Fa)=TUn/{i+(a±icyis)A}*a±ic)  ao) 

using  tabulated  values  of  T]jn,  Ic,  ls,  and  A.  With  Equ.  (10) 
one  has  to  select  one  of  the  two  branches  of  die  hysteresis 
curve,  depending  on  operational  practice.  In  the  case  of  ALS, 


where  magnets  are  set  on  the  upper  hysteresis  branch  after 
exciting  them  with  maximum  current,  I  +  Ic  is  the  appropriate 
choice.  Fra  the  lower  hysteresis  branch,  I  -  Ic  is  taken. 

Figure  2  shows  as  an  example  fra  one  quadrupole,  the  der¬ 
ived  fitting  curve  T(I  -  Ic)  together  with  the  reduced  measured 
data  Fj  /  (I  -  Ic). 


Figure  2.  Reduced  measured  transfer  function  values  and 
fitting  curve  fra  the  integrated  gradient  of  quadrupole  QF17  as 
a  function  of  the  effective  current,  I  -  Ic- 

IV.  RESULTS 

Bend  Magnets 

The  storage  ring  bend  magnet  is  a  straight,  parallel-ended 
combined-function  magnet  with  the  following  main  parame¬ 
ters:  bend  angle,  10°;  magnetic  length,  0.86S  m;  and  effective 
field  edge  angles  of  2°  (wider  toward  the  outer  side).  From  Hall 
probe  scans  [1],  [3]  at  700  A  excitation  current,  the  main 
characteristic  data,  i.e.  integrated  dipole  field,  integrated  gradi¬ 
ent,  core  field,  and  core  gradient  were  evaluated.  Core  is  here 
defined  as  the  central  ±250  mm  of  the  magnet.  Held  integra¬ 
tion  was  performed  numerically,  with  trapezoidal  approxima¬ 
tion.  Statistics  for  all  produced  magnets  are  given  in  Table  1. 
One  should  note  that  the  measured  quantities  apply  to  straight 
paths  along  the  magnet,  whereas  the  beam  follows  a  curved 
trajectory.  Furthermore,  after  installation  on  girders  the  fringe 
field  of  the  bend  magnets  is  clipped  by  adjacent  magnets,  and 
this  effect  changes  the  actual,  integrated  quantities  by  a  small 
but  significant  amount. 

Table  1 


Storage  Ring  Bend  Magnets  Fundamental  Parameters 


HI 

El 

H 

ini 

Average 

0.9059 

-3.420 

1.047 

-4.039 

oreltlfr3] 

0.58 

0.60 

0.45 

0.57 

Max.Rel.Dev.  flO*3! 

1.53 

1.91 

1.11 

1.00 

Quadrupoles 

There  are  three  families  of  quadrupoles  with  identical  cross- 
sectional  shape  but  different  effective  lengths:  QFA  (focus- 
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tag).  0.445  m;  QF  (focusing),  0.350  m;  and  QD  (defocusing), 
0.200  m.  The  nominal  core  gradients,  G  =  dB/dx,  are  15  T/m 
at  400  A  excitation  current  with  0.621  T  pole  tip  field  (QFA) 
and  13.4  T/m  at  89  A  with  0.434  T  pole  tip  field  (QF,  QD). 
The  problems  with  poor  magnet-to-magnet  reproducibility, 
reported  earlier  [1],  were  solved  by  using  a  better  suited  rotat¬ 
ing  integral  coil  with  higher  quadrupole  sensitivity  [3].  Statis¬ 
tics  for  fundamental  strengths  and  averaged  parameters  of  all 
produced  quadrupoles  are  given  in  Tables  2  and  3. 


Fitting  parameters  for  the  transfer  functions,  separately  av¬ 
eraged  for  the  two  sextupole  families,  are  given  in  Table  5.  As 
mentioned  above,  no  actual  residual  field  measurements  were 
made  for  sextupoles,  and  the  derivation  of  fitting  parameters 
follows  a  simpler  scheme  than  outlined  in  Section  III.  The 
effect  is  insignificant  at  the  operation  point  of  the  sextupoles. 
For  the  purpose  of  computing  integrated  sextupole  strengths, 
S  =  d2B/dx2,  from  Tables  4  and  5  for  a  given  current,  Equa¬ 
tion  (11)  is  to  be  used: 


Table  2 


SL  =  Tli„xI/{l+(I/Is)A}+Fes  (11) 


Storage  Ring  Quadrupoles  Fundamental  Statistics 


Average 

Tlin 

[TA-1] 

Orel 

HO-3] 

Max.  Rel. 
Deviation 
[10-3] 

QFA 

0.017223 

0.49 

1.1 

QF 

0.052922 

0.61 

1.2 

QD 

0.028754 

0.68 

_ U _ 

Table5 


Storage  Ring  Sextupoles  Average  Measured  Parameters 


Pres 

A 

Is 

ITm-1] 

TAl 

SF 

0.221 

5 

797 

SD 

0.216 

5 

7% 

Table  3 

Storage  Ring  Quadrupoles  Average  Measured  Parameters 


■^9 

IdI 

llil 

C 

H 

m 

QFA 

0.045 

2.65 

29.51 

3.1 

2250 

QF 

0.035 

0.661 

29.58 

2.8 

604 

QD 

0.020 

0.711 

31.02 

4.3 

Sextupoles 

All  sextupoles  belonging  to  the  two  families,  SF  (horizon¬ 
tally  focusing)  and  SD  (vertically  focusing)  are  built  identical¬ 
ly.  In  addition  to  their  main  function,  they  are  equipped  with 
trim  windings  to  produce  horizontal  and  vertical  steering  and  a 
skew  quadrupole  excitation,  but  for  this  report  their  sextupole 
functions  only  are  being  discussed.  The  nominal  fundamental 
parameters  for  1.5  GeV  beam  energy  are:  0.484  T  pole  tip 
field  (395  T/m2)  at  290  A  excitation  with  0.2  m  effective 
length.  After  measuring  all  magnets,  the  spread  of  fundamen¬ 
tal  strengths  exceeded  the  tolerance  band  by  nearly  a  factor  of 
four.  Because  the  sextupoles  are  being  excited  for  storage  ring 
operation  by  two  common  power  supplies  it  was  decided  to 
shunt  most  of  them  such  as  to  match  the  weakest  members  of 
each  family  [6].  Statistics  for  both  cases,  without  and  with 
shunting,  are  given  in  Table  4. 

Table  4 


Storage  Ring  Sextupoles  Fundamental  Statistics 


Average 

Tlin 

[T  m-lA-1] 

Orel 

HO-3] 

Max.  Rel. 
Deviation 
[10-3] 

SF  No  Shunt 

0.5361 

3.7 

7.1 

SF  Shunted 

0.5323 

0.05 

0.09 

SD  No  Shunt 

0.5362 

3.3 

5.0 

SD  Shunted 

0.5335 

0.18 

0.62 

V.  CONCLUSION 

Measured  magnetic  field  data  of  all  ALS  storage  ring  lattice 
magnets  were  analysed  to  judge  the  variance  of  their  fundam¬ 
ental  field  strengths.  A  new  algorithm  was  developed  that 
allows  reducing  the  measured  magnet  strength  values  to 
represent  one  branch  (the  lower  one)  only  of  the  hysteresis 
curve  and  further  to  approximate  the  saturation  part  of  the 
hysteresis  in  one  closed  expression.  All  lattice  magnets  for  die 
ALS  storage  ring  could  be  qualified  for  installation  without 
observing  a  particular  placement  order;  the  sextupoles,  how¬ 
ever,  had  to  be  shunted  to  keep  their  effective  fundamental 
strengths  within  the  ±1  x  10‘3  tolerance  band. 
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Abstract 

A  prototype  sextupole  magnet  has  been  designed, 
constructed,  and  measured  for  the  storage  ring  of  the  Advanced 
Photon  Source.  The  design  approaches  very  closely  to  120° 
rotation  symmetry,  in  order  to  minimize  all  forbidden  multipole 
components.  The  core  is  made  of  three  identical  stacks  of  lami¬ 
nations,  each  lamination  consisting  of  two  poles  and  the  return 
yoke  joining  them.  The  antechamber  of  the  thick  aluminum 
vacuum  chamber  fits  between  two  neighboring  stacks.  Com¬ 
putations  and  measurements  of  the  sextupole  strength  B"  and 
multipole  field  components,  both  in  the  central  region  and  inte¬ 
grated  in  the  beam  direction,  show  that  the  magnet  meets  die  re¬ 
quirements  for  positron  beam  dynamics. 


1.  INTRODUCTION 

The  storage  ring  of  the  Advanced  Photon  Source  (APS) 
produces  synchrotron  radiation  for  experiments  in  material  sci¬ 
ence,  biomedical  research,  and  other  fields.  The  ring  maintains 
a  7-GeV  positron  beam  for  a  lifetime  of  10  hours  or  mote.  The 
ring  includes  280  sextupole  magnets  to  control  the  chromaticity 
of  the  positron  beam.  These  sextupole  magnets  operate  at  a 
strength  of  up  to  405  T/m2  and  have  an  effective  length  of 
0.24  m. 

The  long  beam  lifetime  requires  a  vacuum  of  1  nTorr  or  bet¬ 
ter,  but  synchrotron  radiation  desorbs  gases  from  the  vacuum 
chamber,  leading  the  vacuum  to  degrade.  For  this  reason,  the 
vacuum  chamber  of  the  APS  consists  of  two  chambers;  the  ante¬ 
chamber  entraps  the  outgassing  and  high-speed  distributed 
pumping  removes  it. 

This  large,  two-chambered  vacuum  chamber  makes  the 
design  of  the  magnets  for  the  storage  ring  more  difficult.  Earlier 
designs  for  the  ring  sextupole  did  not  exhibit  the  1200  symme¬ 
try  of  an  ideal  sextupole,  and  both  computation  and  measure¬ 
ment  showed  the  presence  of  unacceptable  dipole  and  other  for¬ 
bidden  multipole  components  of  the  field. 


n.  DESIGN  OF  THE  SEXTUPOLE 

Figure  1  shows  a  photograph  of  the  ring  sextupole  mag¬ 
net,  and  tiie  cross  section  is  seen  in  Fig.  2.  The  design  ap¬ 
proaches  very  closely  to  1200  rotation  symmetry,  in  order  to 
minimize  all  forbidden  multipole  components.  Table  1  lists 
some  of  the  parameters. 

‘Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-3 1  -1 09-ENG-3  8. 
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The  magnet  is  excited  with  six  coils  made  of  water-cooled 
copper  conductor  insulated  with  a  preapplied  polyimide/poly 
ester/glass  film  and  vacuum-impregnated  epoxy.  The  coils  ex¬ 
tend  beyond  the  ends  of  the  axe ;  no  steel  need  be  removed  from 
the  axe  comers  under  the  coils. 


Figure  1 .  Prototype  sextupole  magnet  for  the  APS  storage  ring. 

Table  1 

Parameters  for  the  Storage  Ring  Sextupole 
(7.0  GeV  Operation) 


Effective  Length  0.24  m 

Central  Reid  Strength  405  T/m2 

Bore  Diameter  98  mm 

Magnetic  Core  Length  0.21  m 

Maximum  Current  161  A 

Number  of  Turns  per  Pole  42 

Maximum  Power  Losses  2.8  kW 

Coolant  Temperature  Rise  8.6  °C 


The  magnet  core  is  assembled  from  three  identical  stacks 
of  laminations,  each  with  two  poles  and  the  return  path  joining 
them.  The  antechamber  of  the  thick  aluminum  vacuum  cham¬ 
ber  lies  in  one  of  the  102-mm  air  gaps  between  neighboring 
stacks.  The  1 .52-mm-thick  laminations  are  made  of  low-car¬ 
bon  steel,  coated  on  both  sides  with  a  13-pm-thick  B-stage 
epoxy.  During  curing  in  a  precision  fixture,  tie  bars  and  tie  rods 
are  also  epoxy  bonded  into  the  core.  At  each  end  12.7-mm- 
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(hick  stainless  steel  plates  hold  the  core  sections  in  position; 
they  are  pinned  and  bolted  to  the  core  sections  with  an  assembly 
fixture. 


Figure  2.  Cross  section  of  die  storage  ring  sextupole  magnet 
with  vacuum  chamber. 

m.  COMPUTATION  OF  THE  SEXTUPOLE 

Computations  woe  carried  out  w4h  the  2-D  finite-ele¬ 
ment  code  PE2D  and  the  3-D  code  TOSCA[l].  As  the  effective 
length  of  the  magnet  is  0.24  m  while  the  core  length  is  0.21  m, 
the  flux  density  is  higher  in  the  magnet  poles  than  it  would  be 
for  a  longer  magnet  with  the  same  ampere-turns.  Thus  mea¬ 
surement  and  3-0  computation  show  the  onset  of 
saturation  effects  where  2-0  computation  does  not 

With  this  design,  in  die  absence  of  assembly  misalignments 
three  can  be  no  forbidden  multipolc  terms;  any  that  appear  in 
the  computation  must  be  artifacts  of  the  mesh  and/or  of  the  field 
evaluation  within  the  mesh.  The  first  allowed  multipole  beyond 
the  sextupole  is  the  18-pole.  The  pole  tips  were  deliberately 
made  narrower  than  optimum  for  this  magnet  to  facilitate 
installing  the  coils  over  the  poles.  A  consequence  is  a  negative 
18-pole  component  of  about  0.12%  at  a  reference  radius  of  23 
mm.  Beam  orbit  computations  show  that  an  18-pole  field  of 
this  size  has  no  influence  on  the  dynamic  aperture  [2].  The  mul¬ 
tipole  field  ratios  were  found  by  computing  the  potential  over 
an  arc  of  a  circle,  and  then  fitting  the  potential  to  a  multipole 
series  using  the  HARM  subroutine  from  the  code  POISSON  [3]. 
Measured  and  computed  multipoles  are  compared  below  in 
Table  2. 

In  the.bore  region,  the  sextupole  field  varies  quadratically 
with  position.  Hence  the  analysis  should  be  carried  out  with 
third-order  finite  elements,  which  exhibit  quadratic  field  varia¬ 
tion.  PE2D,  TOSCA,  and  most  other  codes  support  only  first- 
and  second-order  elements.  This  limitation  can  be  overcome 


in  part  by  using  a  finer  mesh  with  more  elements,  but  at  die  cost 
of  more  computing  time  and  memory.  Even  with  the  finer 
mesh,  computing  magnet  parameters  must  be  done  with  care 
since  the  computed  field  varies  only  linearly  within  each  ele¬ 
ment 

In  the  2-D  computations,  three  kinds  of  triangular  meshes 
were  generated  over  the  bore  region  and  compared:  (a)  an  adap¬ 
tive  mesh  automatically  generated  in  the  polygonal  regions  of 
the  bore;  (b)  a  regular  annular  mesh,  defined  between  radii  3 
mm  and  42  mm  and  over  30°  of  arc,  then  reflected  to  fill  the 
180°  re  360°  considered;  and  (c)  an  equilateral  triangular  mesh 
generated  over  a  60°  parallelogram  then  reflected  to  form  a 
hexagon.  In  all  three  cases,  an  adaptive  mesh  was  used  outside 
the  regions  specified.  It  was  predicted  [4]  that  an  equilateral 
mesh  gives  apotential  (at  the  nodes)  correct  to  sixth  order.  How 
tite  potential  varies  within  a  triangular  element  depends  upon 
the  interpolation  methods  supported  by  the  code.  For  the  3-D 
computations,  a  hexahedral  mesh  was  used,  square  in  the  plane 
perpendicular  to  the  beam  direction.  This  mesh  should  result 
in  a  potential  (at  the  nodes)  correct  to  fourth  order  [4]. 

In  the  bore  of  a  sextupole  magnet,  the  ratio  B/r2  should  be 
constant,  where  B  is  the  modulus  of  flux  density  and  r  is  radial 
distance  from  the  beam  centerline.  Contour  plots  of  this  ratio 
showed  it  to  vary  less  for  the  annular  mesh  than  for  the  adaptive, 
and  less  for  the  equilateral  than  for  the  annular. 

IV.  MEASUREMENT  OF  THE  SEXTUPOLES 

The  sextupole  strength  and  the  multipole  coefficients  (ratio 
of  a  specified  multipole  field  to  the  sextupole  field)  were  mea¬ 
sured  for  the  prototype  ring  sextupole  SSX-2.  In  each  case  both 
the  integrated  (3-D)  and  body  (2-D)  fields  were  measured,  us¬ 
ing  a  rotating-coil  technique  [3].  The  probe  consisted  of  an 
0.8-m-long  radial  coil  for  the  3-D  measurements  and  an 
0.08-m-long  tangential  coil  for  the  2-D  measurements.  The 
radial  coil  extended  well  beyond  the  magnet  and  the  fringe  field 
regions  at  either  end.  The  tangential  coil  was  located  entirely 
within  the  magnet,  away  from  the  end  regions.  Measurements 
were  taken  at  a  radius  of  33.7  mm,  and  the  multipole  coeffi¬ 
cients  were  normalized  to  a  25-mm  radius.  Before  measure¬ 
ments  were  made,  the  magnetic  axis  of  the  sextupole  was 
aligned  to  the  axis  of  the  rotating  coil. 

In  Fig.  3,  the  ratio  of  integrated  sextupole  field  strength  to 
excitation  current  is  plotted  against  current.  At  low  currents  the 
ratio  is  independent  of  current;  the  excitation  efficiency  is  said 
to  be  100%.  Above  150  A,  effects  of  steel  nonlinearity  begin 
to  enter,  and  the  excitation  efficiency  decreases  steadily.  In  Fig. 
4  the  same  ratio  is  plotted  for  the  body  (2-D)  sextupole  field 
strength.  The  3-D  efficiency  is  seen  to  be  only  0.6%  lower  than 
the  2-D  efficiency. 

Field  multipole  coefficients  were  determined  from  the 
measurements.  Table  2  shows  the  18-pole  coefficient  b$  is 
large  and  negative,  it  is  found  to  be  largely  independent  of  cur¬ 
rent.  The  10-pole  component  b4  (both  body  and  integrated) 
was  observed  to  increase  from  lxlO-4  to  3xl(H  as  the  current 
increased  from  50  to  200  A.  All  other  field  multipoles  were 
about  lxlO"4  or  smaller  over  the  total  current  range. 
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Figure  3.  Variation  of  the  ratio  of  integrated  sextupole 
strength  to  current  (B"L/I)  with  current  I. 


Figure  4.  Variation  of  the  ratio  of  body  sextupole  strength 
to  current  (B”/I)  with  current  I. 


Table  2 

Ratio  of  18-Fole  to  Sextupole  Field  at  200  A 
(xlO-4  at  the  reference  radius  of  25  mm) 

Computed  Measured 

2- D  (Body)  -12.2  -11.5 

3- D  (Integrated)  -13.1  -12.7 


V.  CONCLUSIONS 

Geometrical  and  field  measurements  of  the  prototype  dem¬ 
onstrated  that  the  design  and  the  assembly  method  will  produce 
magnets  that  meet  the  requirements  of  the  positron  beam 
dynamics  and  production  schedule.  To  reduce  the  saturation 
effects  demonstrated  in  the  magnetic  field  measurements,  the 
core  length  of  production  magnets  will  be  increased  by  6% 
(12.7  mm).  The  overall  length  of  the  magnets  will  not  be 
changed. 
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Abstract 

A  pulsed  septum  magnet  has  been  designed  and 
constructed  for  beam  injection  and  extraction  in  the  Advanced 
Photon  Source  at  Argonne  National  Laboratory.  The  magnets 
will  be  similar  fa-  the  Positron  Accumulator  Ring  (PAR),  the  In¬ 
jector  Synchrotron,  and  the  Storage  Ring.  The  septum  itself  is 
2  mm  thick  and  consists  of  1-mm-thick  copper  and  S 1010  steel 
explosion-bonded  together.  The  PAR  magnet  is  driven  by  a 
1500-Hz,  12-kA  half  sine  wave  current  pulse.  The  core  is  made 
of  0.36-mm-thick  laminations  of  silicon  steel.  The  nearly  uni¬ 
form  interior  field  is  0.75  T  and  the  exterior  field  is  0.0004  T 
at  the  undisturbed  beam  position  and  0.0014  T  at  the  bumped 
beam  position.  Testing  of  the  magnet  awaits  the  completion  of 
the  power  supply. 

I.  INTRODUCTION 

Pulsed  septum  magnets  are  used  for  injection  and  extrac¬ 
tion  of  tire  particle  beam  in  circular  accelerators.  For  the  Ad¬ 
vanced  Photon  Source  (APS),  now  under  construction  at  Ar¬ 
gonne  National  Laboratory  (ANL),  these  magnets  will  be  used 
in  the  450-MeV  Positron  Accumulator  Ring  (PAR),  the 
450-MeV  to  7-GeV  Injector  Synchrotron,  and  the  7-GeV  Stor¬ 
age  Ring.  Requirements  for  the  septum  magnets  include  good 
field  homogeneity  in  the  aperture,  low  stray  field,  a  thin  septum, 
and  rapid  excitation  and  discharge.  Both  transformer-driven 
and  direct  driven  septum  magnets  were  analyzed.  Analysis 
showed  that  for  a  septum  consisting  of  1-mm-thick  copper  and 
S1010  steel  strips  explosively  bonded  together,  the  transformer- 
driven  magnet  has  lower  external  fields  and  more  uniform  inte¬ 
rior  fields  than  the  direct  driven,  if  the  septum  current  is 
constrained  to  all  flow  in  the  gap  region. 

The  design  of  the  septum  magnet  described  here  grows  out 
of  earlier  septum  magnets  at  ANL  [1]  and  Fermilab  [2]. 
Construction  of  the  first  magnet  is  complete,  and  testing  awaits 
the  completion  of  the  power  supply.  Tat'j  1  shows  the  parame¬ 
ters  of  the  septum  magnet. 

n.  COIL  AND  CORE  ASSEMBLY 

The  core  assembly  with  septum  and  coil  is  shown  in  Figure 

1 ,  and  tiie  cross  section  of  the  septum  magnet  is  shown  in  Figure 

2.  The  single  turn  primary  coil  consists  of  a  continuous  length 
of  OFE  copper  of  rectangular  cross  section,  15.9  mm  by  6.35 
mm,  with  a  4.8-mm  diameter  hole  for  water  cooling.  The  coil 
is  formed  to  the  final  shape  in  a  winding  fixture.  The  lead  ends 
are  left  long  enough  to  extend  beyond  the  vacuum  enclosure, 
ensuring  there  are  no  braze  joints  within  the  vacuum  system. 

•Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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Table  1 


Septum  Magnet  Parameters 


Maximum  Field 

0.75  T 

Magnet  Length 

400  mm 

Aperture  Width 

70  mm 

Aperture  Height 

20  mm 

Septum  Thickness 

copper 

1.0  mm 

steel 

1.0  mm 

Pulsed  Current 

drive 

5960  A 

septum 

5954  A 

Pulse  Shape 

half  sine  wave 

Pulse  Frequency 

1500  Hz 

Figure  1.  The  core  assembly  with  septum  and  coil,  ready 
for  installation  in  the  vacuum  enclosure. 

Because  the  coil  is  inside  the  vacuum  system,  polyamide 
was  chosen  as  insulating  material  for  its  good  vacuum  and  di¬ 
electric  properties.  It  has  good  mechanical  properties  both  at 
operating  temperatures  and  at  260  °C  during  vacuum  bake-out. 
Insulating  sleeve  parts  are  machined  from  the  polyamide  and 
then  cleaned  by  total  immersion  in  an  ultrasonic  bath.  The  coil 
is  then  enclosed  by  the  sleeve  parts,  and  the  laminations  are 
stacked  around  this  assembly  in  the  core  stacking  fixture  to 
form  the  core. 


Figure  2.  Cross  Section  of  the  Septum  Magnet. 

The  core  is  made  of  0.36-mm-thick  laminations  stamped 
from  AISI  type  M-22  steel  with  an  AISI C-5  surface  insulation 
coating.  The  laminations  are  baked  at  750  °C  in  a  vacuum  oven 
at  a  pressure  of  lx  10*4  Torr,  a  cleaning  process  for  ultra-high 
vacuum  systems.  The  laminations  are  stacked  with  13-mm- 
thick  low-carbon-steel  end  plates  in  the  stacking  fixture,  which 
maintains  the  required  surface  tolerance.  Two  6-mm-thick  low- 
carbon-steel  bars  are  welded  to  the  lamination  stack  and  end 
plates  to  constrain  the  core.  The  core  assembly  is  structurally 
robust  and  can  easily  withstand  the  electromagnetic  forces  it 
encounters. 

m.  SECONDARY  TURN  AND  VACUUM 
ENCLOSURE 

The  septum  is  a  crucial  part  in  the  design  of  the  magnet 
Because  it  is  thin  and  subject  to  magnetic,  thermal,  and  machin¬ 
ing  forces,  the  proper  bonding  between  copper  and  steel  is  es¬ 
sential.  Explosion  bonding  was  selected  over  brazing  or  roll 
bonding  because  it  can  consistently  achieve  void-free,  very 
strong  mechanical  bonds.  After  3.2-mm-thick  low  carbon  steel 
and  C102  OFE  copper  are  explosively  bonded  together,  the  sep¬ 
tum  is  machined  to  its  final  thickness:  1  mm  of  copper  and  1 
mm  of  1010  steel. 

The  weld  between  the  septum  and  the  core  must  carry  the 
combined  thermal  and  magnetic  forces.  Electron-beam  weld¬ 
ing  was  selected  for  this  critical  joint  because  of  the  dimension¬ 
al  precision  that  can  be  attained  and  because  of  the  depth  of  pe¬ 
netration  of  the  weld.  The  resulting  welds  at  the  transition 
between  the  laminations  and  the  septum  steel  are  very  smooth 
and  continuous.  Examination  of  test  samples  showed  that  these 
joints  were  not  contaminated  by  copper. 

The  completed  core  assembly  is  placed  inside  the  vacuum 
enclosure,  made  of  plates  of  the  same  bonded  steel  and  copper 
as  the  septum.  The  secondary  turn  is  made  up  of  the  copper  pan¬ 
els  that  face  the  inside  of  the  enclosure.  The  enclosure  is 
welded,  then  cleaned  by  total  immersion  in  an  ultrasonic  bath. 
The  secondary  turn  is  completed  by  welding  the  septum  to  the 


copper  inner  face  of  the  enclosure.  After  electrical  checks  are 
completed,  the  top  of  the  enclosure  is  welded  in  place.  Vacuum 
feedthroughs  and  flanges  complete  the  assembly. 


IV.  ELECTROMAGNETIC  DESIGN 

The  electromagnetic  design  involved  choosing  between  a 
directly  driven  or  transformer-driven  magnet,  choosing  the 
form  of  the  septum,  and  considering  the  consequences  of  cur¬ 
rent  above  and  below  the  level  of  the  aperture.  Ihe  electromag¬ 
netic  design  was  carried  out  with  the  magnetostatic,  steady- 
state  AC,  and  transient  solvers  of  the  2-D  analysis  code 
OPERA-2D  (formerly  PE2D)  [3]. 

Both  directly  driven  and  transformer-driven  septum  mag¬ 
nets  were  considered.  For  the  direct  drive,  the  current  in  the 
septum  of  necessity  is  exactly  that  which  is  needed  to  produce 
the  required  field  in  the  gap.  For  the  transformer  drive,  the  driv¬ 
en  current  determines  the  field  in  the  gap,  and  the  septum  cur¬ 
rent  is  somewhat  less,  just  enough  to  establish  a  zero  current  in 
the  exterior  region.  The  transformer-driven  case  was  found  to 
yield  an  exterior  field  about  a  factor  of  ten  lower  than  the  direct¬ 
ly  driven  case,  at  both  the  bumped  beam  position  and  the  undis¬ 
turbed  beam  position  as  seen  in  Fig.  3. 


Figure  3.  Flux  density  (T)  as  function  of  position  (mm)  outside 
the  septum.  Upper  curve:  with  directly  driven  septum.  Lower 
curve:  with  transformer-driven  septum. 


For  the  composite  septum,  the  steel  part  of  the  septum  con¬ 
tains  the  flux  that  penetrates  the  copper  part.  That  effect  was 
found  to  more  than  compensate  for  the  fewer  skin  depths  of  cop¬ 
per  with  the  composite  septum. 

It  is  necessary  to  locate  the  septum  in  slots  in  the  yoke,  in 
order  to  restrain  it  against  magnetic  forces.  Consequently,  there 
is  some  current  flow  above  and  below  the  20-mm-thick  region 
of  the  aperture  and  septum.  Some  earlier  experiences  [2]  sug¬ 
gested  that  those  currents  could  lower  the  homogeneity  of  the 
field  in  the  aperture  and  increase  the  field  leakage  outside.  But 
analysis  of  geometries  with  and  without  such  currents  showed 
effectively  no  differences.  Uniformity  of  the  field  in  the  aper¬ 
ture  is  shown  in  Figure  4. 
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Figure  4.  Flux  density  within  the  aperture.  Contour 
spacing:  0.0002  T.  Contours  above  0.742  T  and  below 
0.7406  T  are  not  shown. 


Figure  S.  Diagram  of  the  Septum  Magnet  Power  Supply. 


V.  SEPTUM  POWER  SUPPLY 

The  four  single-turn  transformer  septum  magnets  for  the 
PAR,  the  Injector  Synchrotron,  and  the  Storage  Ring  are  pow¬ 
ered  by  capacitor  discharge  circuits.  These  are  designed  to  pro¬ 
duce  half-sine-wave  pulses  with  a  base  width  of  1/3  ms  and  peak 
currents  repeatable  within  0.05%  and  adjustable  from  470  A  to 
4.7  kA.  The  capacitor  discharge  circuits  are  transformer 
coupled  for  impedance  matching  to  the  magnet  The  peak  cur¬ 
rents  of  die  transformer  secondaries  range  from  11.4  kA  to 
16.888  kA.  Figure  5  shows  a  diagram  of  the  power  supply.  The 
switch  S4  may  either  be  gated  or  not  depending  on  the  need  to 
reset  the  magnet  steel. 


VI.  CONCLUSIONS 

This  design  is  found  to  satisfy  the  conditions  required  of  a 
septum  magnet  both  mechanically  and  electromagnetkally. 
Voltage  and  inductance  testing  has  begun,  and  field  properties 
will  be  measured  when  die  power  supply  is  available. 
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The  ELETTRA  Storage  Ring  Magnets 

GFetrucd,  D.Tan»M 

Sfacrotrone  Trieste^Padricuno  99,34012  Trieste,!  taly 


Abstract 

24  dipole  magnets,  108  qoadrupoies,  72  sextupoles  and 
82  maw  are  needed  is  the  storage  ring.  The  very  stringent 
requirements  for  the  magnets  field  quality  were  met  with  the 

iim  of  a  magnetic  derign 

The  dipoles  are  combined  function  elements  with  a  field 
index  n-13  and  a  maximum  magnetic  field  of  1.5  T  at  the 
central  mbit  The  curved  (R*5.5  m)  pole  profiles  were 
obtained  by  machining  the  stacked  laminations. 

The  quadrupoles  and  sextupoles  are  made  by  assembled 
pole  pairs  in  a  C  shaped  structure  with  the  aperture  on  the 
outer  side  of  the  ring.  To  insert  the  vacuum  chamber  inside  the 
magnets  this  structure  allows  a  symmetric  opening  of  the 
yoke. 

The  steerer  magnets  provide  both  horizontal  and  vertical 
magnetic  fields;  an  inverted  U  shape  with  a  3D  optimization 
of  the  vertical  field  coils  sizes  and  positions  was  studied  to 
provide  space  for  the  connection  of  vacuum  pumps. 

L  INTRODUCTION 


A  General 

Elettra  has  been  designed  to  provide  high  brightness 
photon  beams  over  a  wide  range  of  energies  (10  eV-30  keV) 
from  insertion  devices  in  a  low  emittance  1.5 -2.0  GeV 
electron  storage  ring.  The  machine  is  now  being  completed  on 
the  Carso  plateau  near  Trieste.  The  commissioning  is  foreseen 
within  1993.  The  periodicity  of  the  ring  is  12,  with  dispersion 
free  straight  sections  6  m  long  to  accommodate  insertion 
devices.  The  magnets  are  all  room  temperature,  DC  magnets. 
For  the  steerer  magnets  a  feedback  controlled  correction  for 
frequencies  up  to  50  Hz  can  be  superposed  on  the  DC  field 
controlled  by  a  feedback  system.  The  design  of  the  magnets 
ill  lows  the  insertion  of  the  vacuum  chamber  horizontally  from 
the  outside  of  the  ring.  The  yokes  of  all  the  magnets, 
including  the  steerers,  have  been  made  of  low  carbon  steel 
laminations,  adequately  treated  in  order  to  keep  the  coercive 
force  below  0.9  Oe.  The  dipoles,  quadrupoles  and  sextupoles 
have  been  mounted  with  adjustable  feet  on  a  20  mm  thick  iron 
plate,  which  was  fixed  to  a  concrete  block  well  attached  to  the 
Carso  rod;  in  «der  to  shield  the  magnets  against  external 
vibrations.  The  steerer  magnets  have  been  mounted  on 
aluminum  supports  on  which  also  the  corresponding  vacuum 
pumps  are  loaned. 

B.  Design  method  and  tests 

All  the  Storage  Ring  magnets  have  been  designed  by 
using  both  2D  (POISSON)  and  3D  (the  Cera  licensed  TOSCA 
by  Vector  fields  Ltd)  packages.  The  results  of  the  computer 


simulations  have  been  compared  to  experimental 
measurements  which  have  been  made  on  prototypes  [1].  To 
test  the  prototypes  rod  to  check  that  the  units  delivered  by  the 
contractors  actually  complied  with  the  field  requirements,  two 
microprocessor  controlled  measuring  systems  have  been 
designed  and  built  [2]. 


H.  DIPOLES 


The  24  bending  magnets  (Figure  1)  are  C  shaped,  with  a 
radius  of  curvature  of  5.5  m  and  parallel  end  faces.  The 
relevant  main  parameters  are  listed  in  Table  1. 

table.  I.  Dipole  magneto  main  parameters 


Number  of  units 
Field  #2.0  GeV 
Field  index 

Nominal  radius  of  curvature 
Yoke  length 
Magnetic  length 
Overall  length 
Central  gap 
Number  of  turns 
Conductor  dimensions 
Maximum  current  (#1.49  T) 
Maximum  excitation  power 
Total  weight 


Figure  1.  The  Storage  Ring  Dipole  cm  its  support. 


24 

1.212  T 
13 

5.5  m 
137  m 
1.44  m 
1.57  m 
70  mm 
48 

23xl5-#5.5mm 
1950  A 
35  kW 
6  Tons 
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The  yoke  Is  composed  of  a  slack  of  1.5  mm  thick  low 
carbon  steel  lamination*  ending  with  two  40  mm  thick  plates. 
The  laminatioas  are  kept  together  by  means  of  1 1  longitudinal 
curved  plates  welded  on  its  outside  surfaces.  The  insulation 
between  the  laminations  has  been  provided  by  plain  blue¬ 
steaming. 

Being  supplied  in  series,  all  the  dipoles  must  be  as 
similar  as  possible  to  each  other.  This  imposed  tight 
tolerances  on  the  magnetic  length  (±0.2  mm)  and  the  filling 
factor  (97%).  Furthermore,  each  magnet  has  been  constructed 
using  laminations  coming  from  all  the  melts,  equally  mixed. 
Ihe  magnetic  properties  and  the  content  of  impurities  of  the 
laminations  has  been  monitored  during  the  manufacture,  the 
melts  exceeding  a  value  of  coercivity  higher  than  1.9  Oe  for 
tbc  plates  and  0.9  Oe  for  tbe  sheets  have  been  discarded. 

The  required  tolerance  of  the  pole  profile  was  very  high 
(±20  |im).  To  meet  this  requirement  tbe  manufacturer 
suggested  to  machine  the  profiles  of  tbe  assembled  yokes  on  a 
vertical  numerically  controlled  lathe .  Unfortunately  tbe  result 
of  the  machining  was  not  as  homogeneous  as  expected,  and 
two  groups  of  magnets  woe  obtained,  ten  magnets  with  a  very 
satisfactory  integrated  gradient  uniformity,  and  the  other 
magnets  with  an  unacceptable  spread  (Figure  2).  After  several 
attemps  the  problem  was  finally  solved  by  adding  shims  dose 
to  the  pole  ends  (gradient  and  sextupoie  correction)  mid  by 
radially  displacing  the  magnets  on  tbe  ring  as  needed  for  field 
correction  [3]. 

Integrated  gradient  -  before  correction 


figure  2.  Dipole  magnets  integrated  gradient  along  tbe  central 
trajectory  before  adding  the  pole-face  shims. 

Each  coil  is  made  by  three  double  pankakes  following  the 
curvature  of  the  pole  with  24  turns  per  pole.  Tbe  coils  are 
insulated  with  glass  tape  and  radiation  resistant  epoxy  resin. 
The  electrical  and  hydraulical  connections  between  the 
pankakes  and  toward  the  power  leads  and  tbe  water  distribution 
are  made  in  the  center  of  tbe  coils  in  order  to  achieve  a  good 
longitudinal  symmetry  of  the  magnet 

For  alignment  two  sockets  for  Taylor  Hobson  spheres 
have  been  fixed  on  tbe  magnets  with  a  3D  machine  with  a 
precision  of  ±  0.02  mm  with  respect  to  the  magnet  reference 
marks  which  have  been  used  for  tbe  magnetic  measurements 


All  the  dipoles  are  presently  installed  and  aligned  in  the 
Storage  Ring. 

ffl.  QUADRUPOLES  AND  SEXTUPOLES 

Tbe  quadruples  (Figure  3)  and  sextupoles  (Figure  4)  are 
C  shaped  magnets  with  the  aperture  toward  the  outer  side  of 
the  ring,  made  with  tbe  sane  steel  as  that  of  the  dipoles.  The 
iron  poles  are  assembled  from  precision-punched  laminations, 
stacked  between  two  thick  end  plates  and  held  together  by 
bolts  and  longitudinal  welds  on  the  outside  of  tbe  stack.  The 
poles  are  then  assembled  in  independent  pairs  in  order  to  allow 
the  symmetrical  opening  rtf  the  yoke  for  tbe  insertion  of  the 
vacuum  chamber  by  a  horizontal  displacement.  The  opening  of 
the  quadnipoles  is  obtained  by  a  hinge-like  rotation,  that  of  the 
sextupoles  by  a  vertical  displacement  of  the  two  outer  pole 
pairs.  To  meet  die  field  quality  requirements  tight  geometrical 
tolerances  have  berm  imposed  particularly  on  the  pole  surface 
profile  and  on  tbe  azimuthal  position  between  the  pole  pairs 
(±70  pm  along  the  whole  length). 


Figure  3.  Storage  Ring  Quadrupole 


Figure  4.  Storage  Ring  Sextupoie 


and  for  the  pole  profile  machining. 


IV  quadruples  (Table  2)  have  been  made  in  three 
different  lengths,  the  sextupoles  (Table  3)  in  two.  The  results 
of  the  magnetic  measurements  made  on  the  series  production 
showed  acceptable  random  and  systematic  harmonic  errors 
(Figure  3  and  Figure  6).  Hie  dodecapolar  field  component  of 
the  quadruples,  due  to  end  effects,  was  reduced  by  an 
appropriate  chamfer  cn  tbe  end  plates. 

TABLE  2.  Storage  Ring  Quadruples  main  parameters 


Short 

Medium 

Long 

N.  of  units 

60 

24 

24 

Inscribed  diameter 

73  mm 

75  mm 

75  mm 

Maximum  gradient 

19.6  T/m 

19.6  T/m 

19.6  T/m 

Maximum  current 

300  A 

300  A 

300  A 

length  of  iron 

230  mm 

380  mm 

470  mm 

Total  length 

400m 

350  mm 

640  mm 

l’otal  weight 

425  kg 

580  kg 

700  kg 

TABLE  3  Storage  Ring  Sextupole  main  parameters 


Short 

Long 

N.  of  units 

24 

48 

Inscribed  diameter 

90  mm 

90  mm 

Maximum  strength 

280  T/m2 

280  T/m2 

Maximum  current 

300  A 

300  A 

Length  of  iron 

125  mm 

240  mm 

Total  length 

310  mm 

425  mm 

total  weight 

280  kg 

450  kg 

IIS  OmdiupolM,  W200  A,  (7%  o<  bora  radhw 


74  Scxtupotos,  WOO  A  se%«r  bors  radius 


■  y. 

I'igure  6.  Harmonic  measurements  on  tbe  sextupoles 


IV.  STEERERS 


The  Steerer  magnets  (Figure  7)  provide  both  horizontal 
and  vertical  magnetic  fields.  Tbe  limited  longitudinal  space 
available  and  the  need  of  a  complete  aperture  on  the  bottom  of 
tbe  magnets  in  order  to  allow  the  connection  for  the  vacuum 
pump  required  a  detailed  3D  design  leading  to  an  inverted  U 
shape  with  an  optimisation  of  the  current  density  distribution 
in  the  vertical  field  coils.  An  external  ferromagnetic  screen  has 
been  added  to  shield  the  lateral  fringing  field. 

TABLE  4  Storage  Ring  Steerer  magnets  main  parameters. 


Number  of  units 
Length  of  iron 
Total  length 
Horizontal  free  aperture 
Maximum  magnetic  field 
Maximum  integrated  field 
Maximum  current 
Total  weight 


82 

130  mm 
220  mm 
110  mm 

300  Gauss  (both  H  and  V) 
15000  Gausscm 
16  A 
60  kg 


Figure  7.  The  storage  ring  steerer  magnet 


V.  CONCLUSIONS 


All  tbe  storage  ring  magnets  have  been  delivered  and  have 
been  individually  measured  [3,4]  .The  installation  and 
alignement  of  the  magnets  are  nearly  completed,  the 
commissioning  of  tbe  Storage  Ring  will  start  in  September 
1993. 
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Abstract 

Fermilab  has  adopted  the  Source  Evaluation  Board  (SEB) 
method  for  procuring  certain  major  technical  components 
of  the  Fermilab  Main  Iqjector.  The  SEB  procedure  is  de¬ 
signed  to  ensure  the  efficient  and  effective  expenditure  of 
Government  funds  at  the  same  time  that  it  optimises  the 
opportunity  for  attainment  of  project  objectives.  A  quali¬ 
tative  trade-off  is  allowed  between  price  and  technical  fac¬ 
tors.  The  process  involves  a  large  amount  of  work  and  is 
only  justified  for  a  very  limited  number  of  procurements. 
Fermilab  has  gained  experience  with  the  SEB  process  in 
awarding  subcontracts  for  major  subassemblies  of  the  Fer¬ 
milab  Main  Injector  dipoles. 


I.  Introduction 

Government-funded  laboratories  have  become  accustomed 
to  make  purchases  by  the  process  of  awarding  subcon¬ 
tracts  to  the  lowest-priced  responsive  and  responsible  of¬ 
feror.  Sometimes  this  involves  pre-assigning  relative  values 
to  various  technical  elements  in  order  to  determine  the  best 
price/performance  ratio.  While  this  is  usually  appropriate, 
in  some  cases  it  would  be  more  advantageous  to  be  able  to 
consider  the  trade-off  between  price  and  technical  merit. 
Private  industry  has  this  flexiblity.  In  government  this  can 
be  implemented  using  a  Source  Evaluation  Board  (SEB). 

In  May  1992  representatives  of  the  Fermilab  Main  In¬ 
jector  Project  (FMI)  met  with  a  Department  of  Energy 
(DOE)  Business  Strategy  Group  (BSG)  to  discuss  the  pro¬ 
curement  of  dipole  magnets  for  the  FMI  ring.  At  that  time 
we  were  advised  to  consider  using  the  SEB  method  for  se¬ 
lecting  the  vendors  for  certain  major  subassemblies  of  the 
dipoles. 


'Operated  fay  Universities  Research  Association  under  contract 
with  the  United  States  Department  of  Energy 


II.  Procbdurr 

Since  Fermilab  had  never  used  an  SEB,  a  procedure  had  to 
be  developed.  The  Procurement  Department  of  the  Fer¬ 
milab  Business  Services  Section  wrote  a  procedure  which 
has  been  reviewed  and  adopted  by  the  Laboratory.  The 
procedure  is  based  on  the  DOE  SEB  Handbook,  adapted 
to  Fermilab’s  requirements.  We  describe  here  this  proce¬ 
dure,  which  we  have  followed  over  the  last  year  in  selecting 
vendors  to  be  awarded  subcontracts  for  fabrication  of  ma¬ 
jor  subassemblies  of  the  dipoles.  Your  organisation’s  SEB 
procedure  may  vary. 

A.  Participants 

The  key  participants  in  the  SEB  procedure  are  the  Source 
Selection  Official  (SSO)  and  the  SEB  members.  At  Fermi¬ 
lab  the  SSO  is  usually  the  Head,  Business  Sendees  Section 
(BSS).  The  SSO  appoints  the  SEB.  He  reviews  the  state¬ 
ment  of  work  and  qualifications  and  the  evaluation  criteria. 
And,  lastly,  he  makes  the  final  decision  (subject  to  review 
by  DOE)  regarding  selection  of  a  source. 

The  SEB  at  Fermilab  consists  of  three  to  seven  mem¬ 
bers,  preferably  an  odd  number  to  avoid  tie  votes.  There 
must  be  at  least  one  member  from  the  Procurement  De¬ 
partment  and  at  least  one.  from  the  project  organisation. 
Each  member  is  required  to  sign  confidentiality  and  con¬ 
flict  of  interest  statements. 


B.  Determination 

The  SEB  procedure  is  only  used  for  "certain  major  pro¬ 
curements”.  These  procurements  are  those  that  have  suf¬ 
ficient  financial  and/or  project  risk  to  require  the  efforts  of 
the  SEB.  The  decision  to  utilise  the  SEB  depends  on  the 
complexity  or  nature  of  the  procurement,  type  of  subcon¬ 
tract,  extent  of  competition,  specialised  terms  and  condi¬ 
tions,  and  other  factors  pertinent  to  the  overall  risk.  The 
decision  is  made  by  the  Head,  BSS.  Most  procurements 
sufficiently  major  to  require  an  SEB  will  have  required 
an  Advanced  Procurement  Plan  (APP)  which  discusses, 
among  other  things,  the  decision  to  use  an  SEB. 
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C.  Preparation 

The  first  thing  that  is  required  is  a  full,  detailed  ipecifica- 
tion  and/or  statement  of  work.  His  SEB  is  mpouiUi  for 
reviewing  the  specification  to  ensure  that  it  is  appropriate. 
This  will  become  the  basis  for  the  Request  tor  Proposal 
(RFP)  that  is  the  vehicle  for  the  solicitation. 

The  next  requirement  is  a  set  of  qualification  criteria. 
These  are  minimum  requirements  for  consideration  of  an 
offeror’s  proposal.  These  qualification  criteria  must  be 
clearly  defined,  unambiguous,  measurable,  and  justifiable. 
All  mandatory  requirements  are  listed  here.  Any  propoeal 
which  foils  to  meet  any  required  criterion  is  not  evaluated 
further.  Required  criteria  are  listed  as  such  in  the  RFP. 

The  key  difference  between  a  usual  procurement  and  the 
SEB  process  is  that  in  the  latter  the  award  is  not  necessar¬ 
ily  made  to  the  lowest  priced  responsive  and  responsible 
offeror.  The  SEB  process  providfes  for  more  detailed  anal¬ 
ysis  of  evaluation  criteria  which  are  used  to  determine  an 
offeror's  understanding  of  the  specification,  potential  for 
successful  completion  of  the  job,  and  comparative  com¬ 
petitive  status.  The  SEB  develops  a  plan  for  scoring  and 
ranking  the  proposals  based  on  the  evaluation  criteria.  The 
evaluation  criteria  and  their  relative  importance  are  in¬ 
cluded  in  the  RFP.  Details  of  the  relative  weights  are  not 
given. 

Evaluation  criteria  require  much  thought.  To  be  useful 
they  must  be  factors  that  can  be  objectively  evaluated. 
They  must  be  relevant  to  the  probability  of  success  in  per¬ 
forming  the  subcontract.  They  must  not  be  absolute  re¬ 
quirements;  those  belong  in  the  qualification  criteria.  They 
should  provide  the  SEB  members  the  ability  to  differenti¬ 
ate  the  offerors.  If  all  of  the  acceptable  offerors  are  going  to 
get  a  get  a  high  score  on  a  criterion,  then  it  should  not  be 
an  evaluation  criterion  but  rather  a  qualification  criterion. 
A  typical  "good"  criterion  is  the  amount  of  experience  the 
offeror  has  in  doing  jobs  comparable  to  the  one  at  hand. 

In  the  SEB  evaluation  of  proposals,  cost  is  not  assigned  a 
numerical  weight  and  the  technical  evaluation  is  not  preas¬ 
signed  a  financial  value.  Whether  the  cost  or  the  technical 
factors  is  more  important  must  be  determined  initially  and 
stated  in  the  RFP.  Neither  can  be  completely  ignored,  but 
ether  one  can  be  more  important.  The  SEB  should  also 
state  in  the  RFP  how  the  cost  information  is  to  be  pre¬ 
sented,  c.y.  on  Form  SF1411.  This  is  essential  to  allow 
comparisons  of  the  proposals  on  equal  footing. 

In  a  procurement  that  is  sufficiently  complicated  to  war¬ 
rant  an  SEB,  it  may  be  useful  to  conduct  a  pre-proposal 
conference.  At  that  conference  there  can  be  a  free  discus¬ 
sion  of  the  requirements  after  the  potential  offerors  have 
had  a  chance  to  study  the  RFP.  There  certainly  can  be  no 
private  communication  with  a  single  potential  offeror  after 
the  RFP  has  been  distributed.  . 

D.  Evaluation 

When  the  proposals  are  received,  the  Procurement  rep¬ 
resentative  surveys  the  proposals  to  ensure  that  there 


is  no  cost  information  in  the  technical  and  busi- 
ness /management  section.  This  material  is  then  evaluated 
independently  of  the  evaluation  of  the  cost  material.  Any 
proposal  that  does  not  meet  the  qualification  criteria  is 
eliminated  from  further  consideration. 

The  SEB  then  ranks  the  proposals  based  on  the  merit  of 
the  technical  and  business/management  proposals.  Gener¬ 
ally  this  is  accomplished  by  the  Board  agreeing  on  a  numer¬ 
ical  score  for  the  technical  evaluation  factors.  The  relative 
wrights  of  the  factors  will  have  been  already  determined. 
Hie  cost  proposals  may  then  be  examined  for  additional 
technical  information  and  the  semes  adjusted,  if  necessary. 
Hie  SEB  then  compares  the  cost  of  each  proposal  to  the 
relative  strength  of  the  proposal. 

Baaed  on  the  initial  evaluation  two  courses  of  action  are 
possible.  If  there  is  a  clearly  superior  firm  with  a  low  price, 
then  the  SEB  can  recommend  that  that  the  proposal  be 
accepted  based  on  the  initial  offer.  This  recommendation 
can  be  subject  to  confirmation  of  the  qualifications  of  the 
offeror  through  a  visit  to  the  plant  to  validate  the  technical 
proposal.  Otherwise,  the  SEB  determines  a  "competitive 
range",  a  list  of  the  initial  offerors  who  have  a  reasonable 
chance  of  improving  their  proposals  to  the  point  of  winning 
the  subcontract. 

The  SEB  then  enters  into  "discussions”  with  the  firms  in 
the  competitive  range.  The  purposes  of  the  discussions  are 
twofold.  First,  the  Board  can  elicit  additional  information 
from  the  offerors.  It  can  visit  the  firms  to  confirm  the 
information  presented  and  observe  the  general  practices  of 
the  firms.  A  discussion  of  the  proposal  can  reveal  how  well 
the  offeror  understands  the  processes  proposed  and  how 
well  they  are  prepared  to  deal  with  them. 

Second,  the  Board  must  tell  each  offeror  about  the  de¬ 
ficiencies  in  its  proposal  that  should  be  improved.  Hie 
Board  must  be  very  careful  in  these  discussions  not  to 
disseminate  information  from  one  offeror’s  proposal  to  an¬ 
other  offeror.  The  comments  must  point  to  the  weaknesses 
but  not  suggest  specific  remedies.  For  example,  the  Board 
would  say  that  it  believes  that  a  shipping  container  is  not 
strong  enough  for  the  item,  not  that  the  offeror  should 
add  gussets  in  the  bottom  corners.  This  would  be  espe¬ 
cially  critical  if  another  offeror  had  proposed  a  shipping 
container  with  gussets.  Any  mandatory  submissions  or 
qualifying  criteria  that  the  offeror  may  have  missed  on  the 
initial  submission  must  be  called  to  their  attention  during 
discussions. 

Upon  completion  of  discussions,  all  outstanding  ques¬ 
tions  and  concerns  about  any  of  the  proposals  should  have 
been  answered.  The  offerors  in  the  competitive  range  are 
then  invited  to  subnut  Best  and  Final  Offers  (BAFO’s). 

When  the  BAFO’s  have  been  received  the  SEB  eval¬ 
uates  them,  following  essentially  the  same  procedure  as 
with  the  original  proposals.  In  some  cases  there  will  only 
be  a,  limited  amount  of  supplementary  information.  Other 
offerors  will  submit  new,  complete  proposals  incorporating 
any  changes  or  additional  information. 

The  SEB  must  then  make  a  recommendation  to  the  SSO. 


2824 


This  recommendation  take*  into  account  their  evaluation 
of  the  quality  of  the  propoeala  and  the  associated  coats, 
considering  the  agreeed  upon  relative  emphasis  on  the  two. 
The  basic  criterion  is  to  select  the  proposal  that  is  in  the 
best  interest  of  the  Laboratory,  not  necessarily  the  lowest 
proposed  price.  The  recommendation  is  written  up  in  a 
detailed  report. 

E.  Disposition 

The  SSO  reviews  the  report  from  the  SEB.  He  can  then 
take  any  one  of  four  actions.  He  may  select  the  recom¬ 
mend  source.  He  may  direct  the  SEB  to  continue  negotia¬ 
tions  with  all  of  the  firms  in  the  competitive  range  through 
BAFO’s.  He  may  request  further  information  from  the 
SEB.  Or  he  may  make  an  independent  decision  to  award 
to  an  offeror  other  than  the  one  recommended  by  the  SEB. 
Whatever  the  decision,  the  SSO  issues  a  selection  state¬ 
ment.  As  with  any  subcontract  of  this  sise,  DOE  approval 
must  be  obtained.  Finally  the  Procurement  member  of  the 
SEB  begins  the  final  negotiations  with  the  selected  offeror. 

III.  Experience 

After  over  a  year  of  preparation  and  work  we  have  awarded 
six  subcontracts  for  fabrication  of  three  portions  of  the 
RJcD  dipoles  for  the  FMI.  We  have  awarded  a  subcontract 
for  twelve  coils  sets  for  our  12  RfcD  dipoles,  with  options 
for  fabrication  of  bare  copper  coils  for  the  dipoles.  We  have 
awarded  subcontracts  to  three  firms  for  insulating  the  coils, 
each  firm  fabricating  three  coils  sets  and  Fermilab  doing 
three.  We  have  awarded  subcontracts  to  two  firms  to  stack 
half-cores  from  Fermilab  supplied  laminations. 

A.  Fermilab  Assessment 

Overall  we  are  quite  happy  with  the  results  of  the  process. 
In  some  cases  the  firms  that  were  judged  most  qualified 
were  the  lowest  price  offerors  and  some  cases  they  were  not. 
In  each  case  the  SEB  is  confident  that  the  best  interests  of 
the  Laboratory  have  been  served  by  the  selection  that  was 
made. 

The  process  has  taken  much  longer  than  was  anticipated. 
The  extra  time  has  come  from  several  sources.  In  part  we 
were  inefficient  in  executing  the  process  because  it  was  so 
unfamiliar  to  us.  In  part  we  could  not  perform  as  effec¬ 
tively  as  we  might  otherwise  have  because  we  each  had  so 
many  other  responsibilities  at  the  same  time.  We  suffered 
from  trying  to  execute  three  procurements  simultaneously. 
And  finally,  the  process  was  inherently  much  more  time- 
consuming  than  any  of  us  had  imagined. 

As  we  gained  familiarity  with  the  process  the  evalua¬ 
tions  progressed  more  smoothly.  We  have  learned  about 
selecting  good  evaluation  criteria.  We  became  comfort¬ 
able  with  the  level  of  documentation  required  to  support 
the  recommendations. 


Bringing  in  more  people,  especially  procurement  profes¬ 
sionals,  might  seem  like  the  efficient  solution  to  the  man¬ 
power  problem.  We  do  not  feel  that  it  would  have  been  ad¬ 
vantageous.  The  issues  were  technical  and  required  much 
discussion  among  the  technical  staff  to  reach  agreement. 

Hie  preparation,  the  evaluations,  the  visits  to  the  offer¬ 
ors,  the  discussions,  the  documentation,  the  writing,  the 
editing  all  took  significant  amounts  of  time.  A  major  les¬ 
son  that  we  have  learned  is  that  one  can  not  undertake 
an  SEB  procurement  lightly.  It  requires  a  major  commit¬ 
ment  of  time  from  both  the  procurement  staff  and  from 
the  technical  staff. 

B.  Vendor  Reaction 

The  reaction  to  this  process  from  our  vendors  has  gener¬ 
ally  been  favorable.  Most  of  them  work  with  both  pri¬ 
vate  industry  and  with  government-funded  laboratories. 
One  firm,  much  more  accustomed  to  dealing  with  industry, 
commented  that  this  was  the  way  things  were  supposed  to 
work.  Another  firm,  seemingly  more  accustomed  to  gov¬ 
ernment  work,  had  a  difficult  time  accepting  the  fact  that 
this  was  not  a  straight  low  bid  procurement.  The  major 
complaint  has  been  the  length  of  time  that  our  inefficien¬ 
cies  and  inexperience  introduced  into  the  process. 

IV.  Conclusions 

Now  that  Fermilab  is  familiar  with  the  SEB  process  and 
has  an  approved  SEB  procedure,  we  expect  to  make  ad¬ 
ditional  procurements  this  way.  In  some  cases  the  advan¬ 
tages  are  tremendous.  However,  the  effort  involved  pre¬ 
cludes  routine  use  of  SEB’s.  For  most  procurements  they 
are  not  needed. 

It  is  also  clear  that  good  communication  between  the 
technical  and  procurement  staffs  within  Fenilab  is  essen¬ 
tial,  as  is  communication  between  Fermilab  and  the  De¬ 
partment  of  Energy. 
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Abstract 

A  sextupole  magnet  hat  been  designed  to  satisfy  the  dy¬ 
namical,  geometrical,  and  electrical  requirements  of  the 
Fermilab  Main  Injector.  The  steel  length  is  0.45?  m.  The 
top  and  bottom  pole  tips  are  26.4  ram  from  the  center  line; 
the  side  pole  tips  are  48.0  mm  from  the  center  line.  The 
design  integrated  strength  is  55  T-m/mJ  at  294  A. 

I.  Introduction 

The  natural  chromatid  ties  of  the  Fermilab  Main  Injec¬ 
tor  [1,  2]  (FMI)  are  -33.65  horisontally  and  -32.87  verti¬ 
cally.  The  lattice  has  been  designed  to  have  low  0  and  17 
(58  m  and  1.9  m  are  the  maximum  values).  Thus,  very 
strong  sextupoles  are  needed  to  cancel  natural  chromatic- 
tty.  The  configuration  chosen  places  an  F(D)  sextupole  at 
each  F(D)  main  quadrupole  in  the  arcs,  where  rj  is  signifi¬ 
cant.  The  sextupoles  must  also  compensate  for  large  sex¬ 
tupole  components  in  the  dipole  magnets  induced  by  sat¬ 
uration  of  the  steel  as  the  energy  approaches  150  GeV  and 
by  eddy  currents  in  the  beam  pipe.  These  effects  produce 
inherent  chromaticities  of  -77  horisontally  (at  150  GeV) 
and  -55  vertically  (near  20  GeV). 

The  chromatitity  sextupole  magnets  for  the  FMT  are  a 
new,  nonsymmetrical  design,  tailored  to  the  geometrical, 
optical,  and  electrical  requirements  of  the  ring. 

II.  Requirements 

We  take  as  a  requirement  that  the  sextupoles  be  capa¬ 
ble  of  producing  a  corrected  chromatitity  of  10  in  each 
plane  through  the  entire  ramp,  -10  below  transition  and 
+10  above  transition.  The  sextupole  requirements  have 
been  calculated  using  the  natural  chromatitity  and  the 
measured  sextupole  contributions  from  the  dipoles[3].  The 
sextupoles  need  to  have  a  peak  integrated  field  strength  of 
55  T-m/ms.  We  were  restricted  by  space  to  to  a  steel 
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length  of  0.457  m  (18  in).  This  leads  to  a  field  strength 
of  120  T/m*.  The  beam  pipe  sise  limits  the  dimensions  of 
the  pole  faces. 

The  cost  and  complexity  of  fabrication,  installation,  and 
operation  of  the  magnets,  the  power  supplies,  and  the 
buses  must  also  be  taken  into  account.  The  dipole  end 
packs  have  been  designed  to  provide  a  sextupole  compo¬ 
nent  small  enough  that  the  sextupoles  may  be  run  on  a 
unipolar  power  supply.  To  allow  use  of  300  MCM  cable  for 
the  bus  work,  we  want  to  keep  the  root  mean  square  cur¬ 
rent  under  200  A  during  all  of  the  operating  modes  except 
the  short  duration  Collider  injection  cycles.  The  reduc¬ 
tion  of  the  current  by  the  usual  technique  of  increasing 
the  number  of  turns  increases  the  inductance.  The  rapid 
change  in  the  current  needed  in  switching  the  sign  of  the 
chromatitity  at  transition  limits  the  allowable  inductance. 

To  allow  convenient  testing  of  the  magnets  at  peak  field, 
the  cooling  water  circuits  must  be  capable  of  cooling  the 
coil  during  DC  operation  at  the  peak  current. 

III.  Conceptual  Design 

The  conceptual  design  of  the  FMI  sextupole  was  done  ysing 
the  spreadsheet  program  20/20.  A  model  of  the  sextupole 
cross  section  was  built  in  a  worksheet.  Input  parameters 
include  the  required  integrated  field  strength,  the  magnet 
length,  the  number  of  turns  in  the  coils,  and  the  pole  tip 
radius  (distance  of  closest  approach  of  the  pole  tip  to  the 
central  axis).  From  this  we  obtain  the  required  current. 

Adding  the  conductor  cross  section  dimensions,  includ¬ 
ing  the  central  hole  for  cooling  water,  allows  calculation 
of  resistance,  power  dissipation,  water  flow,  and  thus  tem¬ 
perature  rise.  Adding  a  few  additional  dimensions  and 
angles  allows  calculation  of  corner  coordinates  of  the  lam¬ 
ination  and  conductor.  The  spreadsheet  plots  the  corners 
and  points  along  the  pole  face  and  presents  a  fairly  good 
picture  of  the  magnet.  It  also  calculates  some  critical  clear¬ 
ances  where  the  coils  will  need  to  slip  past  the  poles  during 
assembly.  Material  quantities  are  calculated  to  provide  a 
cost  estimate. 

The  model  was  used  to  try  a  large  number  of  combina¬ 
tions  of  magnet  parameters.  The  chosen  design  satisfies 
the  requirements  while  striking  a  balance  among  the  other 
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Figure  1:  Cross  section  of  the  Fermilab  Main  Injector  Sex- 
tupole  showing  the  lamination,  conductors,  and  beampipe 


competing  design  factors.  To  reduce  the  resistance  and 
inductance  of  the  magnet  the  design  is  not  six-fold  sym¬ 
metric,  but  rather  matches  the  beam  pipe  with  top  and 
bottom  poles  that  are  closer  to  the  axis  than  are  the  side 
poles  The  number  of  turns  on  the  top  and  bottom  poles 
is  correspondingly  smaller.  The  cross  section  of  the  mag¬ 
net  is  shown  in  Figure  1.  The  basic  magnetic,  electrical, 
and  mechanical  properties  are  summarised  in  Table  1.  The 
six  coils  are  connected  in  series  electrically.  In  operation 
the  water  paths  will  be  connected  in  series  as  well.  During 
testing  the  top  and  bottom  halves  will  be  cooled  in  parallel 
to  allow  running  DC  at  the  peak  current. 

A  portion  of  the  worksheet  was  arranged  to  gener¬ 
ate  an  input  file  for  the  detailed  magnetic  modeling  pro¬ 
gram  PE2D.  This  allowed  maintenance  of  the  full  two- 
dimensional  magnetic  model  in  synchrony  with  the  other 
properties.  It  allowed  testing  changes  to  the  magnet  model 
by  varying  a  single  worksheet  parameter  and  propogating 
the  changes  through  to  the  magnetic  model,  avoiding  ty¬ 
pographic  errors  or  inconsistencies. 

We  have  also  studied  the  sensitivity  of  the  field  purity 
to  the  position  of  the  pole  tip.  Experience  has  shown  that 
during  production  the  largest  variations  in  the  lamination 
geometry  come  in  the  distance  between  poles,  not  in  the 
shape  of  an  individual  pole.  We  moved  a  single  pole  tip 
by  varying  amounts,  ran  the  model,  and  analysed  the  re¬ 
sulting  field  for  its  harmonic  components.  Figure  2  shows 
the  effect  on  all  normal  harmonics  up  to  the  decapole  of 
moving  one  pole  horisontally  by  varying  amounts.  The 
quantity  plotted  is  the  field  one  inch  from  the  magnet  cen¬ 
ter  due  to  the  relevant  component  normalised  to  the  field 
due  to  the  sextupole  component  at  one  inch.  Note  the 
non  vanishing  decapole  field  resulting  from  the  assymetric 


crossection.  Figure  3  shows  the  effect  an  the  skew  compo¬ 
nents  of  horisontal  motion.  As  expected  from  the  symme¬ 
try,  all  components  vanish  in  the  unperturbed  case.  The 
effects  of  vertical  motion  are  comparable. 


NORMAL  FIELD  AMPLITUDES 
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Figure  2:  Normal  Field  Component  Amplitudes  as  a  Func¬ 
tion  of  Horisontal  Displacement  of  One  Side  Pole 
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Figure  3:  Skew  Field  Component  Amplitudes  as  a  Func¬ 
tion  of  Horisontal  Displacement  of  One  Side  Pole 


IV.  Mechanical  Design 

The  half-cores  of  the  FMI  sextupole  will  be  fabricated 
from  stamped  steel  laminations.  The  laminations  will  be 
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Color 

Pole  tip  radius 
top/bottom 
odes 

26.4  mm 

48.0  mm 

Number  of  turns 
top/bottom 
sides 

2 

12 

Current  (peak) 

294  A 

6.35  mm  x  12.7  mm 
(0.250  in  x  0.500  in) 

Resistance 

4.2  mil 

Inductance 

0.7  mH 

Water  Aow 

Ihble  1:  Main  Injector  Sextupole  Magnet  Parameters 


•tacked  on  a  dedicated  fixture  and  compressed  with  a  screw 
mechanism.  The  outside  edges  will  be  held  together  by 
bars  inserted  in  notches  in  the  laminations  and  welded 
down  the  length  of  the  core.  The  pole  tips  will  be  held 
in  compression  by  steel  rods  threaded  at  one  end  to  accept 
a  nut  and  washer. 

The  copper  conductor  will  be  insulated  as  it  is  wound 
onto  a  bobbin.  The  coil  will  then  be  ground  wrapped, 
impregnated  with  epoxy  in  a  mold,  and  cured.  The  coils 
will  be  installed  into  the  half  cores  and  brased  together  in 
series. 

The  two  half  core  assemblies  will  be  bolted  together  to 
form  a  complete  magnet.  After  testing,  the  complete  mag¬ 
net  will  be  stored  until  it  is  needed  in  the  tunnel.  Installa¬ 
tion  will  require  separating  the  magnet  into  its  halves  and 
reassembling  it  around  the  beam  pipe  in  the  tunnel. 


Acknowledgments 

We  would  like  to  thank  Alex  Bogacs  for  his  calculations 
regarding  the  beam  requirements  for  the  sextupoles  and 
Phil  Martin  for  several  useful  suggestions  on  the  design. 
Dick  Wegforth  has  done  most  of  the  design  drawings. 


References 

[1]  Fermilab  Main  Injector.  Title  I  Design  Report,  August 
1992. 

[2]  V.D.  Bogert,  W.B.  Fowler,  S.D.  Holmes,  P.  Martin, 
and  T.  Pawlak.  Status  of  the  Main  Injector  Project.  In 
Proceimgt  iku  conference. 

[3]  S.A.  Bogacs.  Chromaticity  Compensation  Scheme  for 
the  Main  Injector.  In  Proceiingt  iku  conference. 


2828 


Design  and  Measurements  of  Prototype  Fermilab  Main  Injector  Dipole 

Endpacks 

D.J.  Harding,  H.D.  Glass,  J.-F.  Ostiguy,  B.C.  Brown,  F.A.  Harfoush,  G.S.  Mishra, 

Fermi  National  Accelerator  Laboratory*, 

P.O.  Box  500,  Batavia,  IL  60510 


Abstract 

The  end  field  regions  of  the  dipole  for  the  Fermilab  Main 
Iqjector  contribute  significantly  to  the  overall  field  quality 
and  magnet  performance.  The  end  effects  which  we  must 
control  are  the  variation  in  effective  length  as  a  function  of 
current  and  the  variation  in  field  shape  across  the  magnet 
aperture.  We  employed  an  iterative  process  of  numerical 
calculations  and  prototype  testing  to  refine  the  design  of 
the  endpack  steel  configuration. 

The  final  design  is  an  approximation  to  a  Rogowski  pro¬ 
file,  which  limits  effective  length  variation  to  1.8  mm  per 
end  between  0.1  T  and  1.7  T,  and  includes  small  shims 
to  compensate  for  the  intrinsic  negative  sextupole  of  the 
ends.  We  discuss  details  of  the  design  process  and  present 
the  effective  length,  field  shape,  and  harmonics  measure¬ 
ments  for  various  endpack  designs. 


I.  Introduction 

The  Fermilab  Main  Iqjector[l]  (FMI)  will  use  dipoles  of 
a  new  design[2].  There  will  be  216  6-meter  dipoles  and 
128  4-meter  dipoles  in  the  ring.  All  of  the  dipoles  will  be 
wired  in  series.  In  normal  operation,  beam  will  be  injected 
at  8.9  GeV/c,  accelerated  to  120  GeV/c  or  150  GeV/c,  and 
extracted.  The  dipoles  must  provide  a  uniform  or  easily 
correctable  magnetic  field  over  the  range  of  0.1  T  (~  500  A) 
to  1.7  T  (~  9400  A). 

We  have  built  two  prototype  dipoles.  After  testing  the 
bodies,  we  have  built  and  tested  a  series  of  end  packs,  at¬ 
tempting  to  optimize  the  performance.  The  measurement 
and  analysis  techniques  are  described  in  Reference  [3]. 
The  results  are  presented  in  more  detail  in  References  [4] 
and  [5]. 


’Operated  by  Universities  Research  Association  under  contract 
with  the  United  States  Department  of  Energy 

0-7803-1203-1/93S03.00  0 1993  IEEE 


II.  Effective  length  of  the  ends 

A.  Requirements 

The  parameter  of  prime  interest  is  the  integral  through 
the  magnet  of  the  main  component  of  the  magnetic  field, 
l(z,  y,  I).  The  bend  angle  of  a  particle  traversing  a  magnet 
is  proportional  to  this  quantity  and  inversely  proportional 
to  the  momentum.  The  FMI  geometry  assumes  that  the  6- 
m  and  4-m  dipoles  have  integrated  strengths  in  the  ratio  of 
3  to  2.  To  keep  the  beam  on  the  same  path  throughout  the 
acceleration  cycle,  the  bend  angle  must  remain  the  same 
in  each  of  the  magnets.  Some  variation  can  be  accomo¬ 
dated  by  the  104  horisontal  dipole  correctors  in  the  ring. 
However,  it  is  not  prudent  to  dedicate  a  large  fraction  of 
their  range  to  adjusting  for  effects  that  could  be  avoided 
with  a  good  magnet  design. 

Since  the  momentum  of  a  particle  does  not  vary  as  it 
traverses  the  ring,  the  relative  values  of  I (I)  need  to  re¬ 
main  constant  as  a  function  of  current.  Calling  the  field  at 
the  center  of  the  magnet  Bo,  we  can  characterise  the  field 
integral  as  the  product  of  the  central  field  and  an  effective 
length,  L,//.  Thus  I(J)  =  Ltjj(I)Bo(I). 

We  define  the  effective  length  of  the  ends  as  the  dif¬ 
ference  between  the  measured  effective  length  and  Zc,  a 
somewhat  arbitrary  constant  length.  For  practical  pur¬ 
poses  we  set  I0  to  the  maximum  extent  of  the  magnet 
steel  in  the  axial  direction. 

Ltni  =  —  -&o)/2 

1(1)  =  Bo(l)(Ltnd(I)  +  Lo  +  Lm4(I)) 

Bo(I)  and  Ltni{I)  should  behave  the  same  way  for  the 
6-m  and  4-m  dipoles.  The  steel  lengths  do  not  change 
during  the  acceleration  cycle.  Therefore,  to  maintain  the 
ratio  of  1(1)  between  the  two  lengths,  we  need  to  keep  the 
effective  lengths  of  the  ends  constant. 

B.  Achievements 

If  the  pole  face  of  a  dipole  ends  (as  a  function  of  z)  with  a 
hard  corner,  the  steel  there  will  saturate  at  a  lower  current 
than  will  the  body.  The  effective  length  of  the  end  will  fall 
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u  the  current  increases.  lb  combat  this  effect,  the  ends 
of  magnet  pole  faces  are  often  tapered.  Hie  initial  design 
of  the  Fill  dipoles  had  a  single  straight  cut  in  the  central 
60  mm  of  the  pole.  The  cut  angle  matched  the  angle  of  the 
sides  of  the  pole.  This  produced  an  acceptable  variation  in 
the  effective  length  of  the  end  of  2.7  mm  per  end  between 
0.1  T  and  1.7  T.  This  variation,  along  with  some  other 
representative  endpacks,  is  shown  in  Figure  1. 


Our  computer  3-D  models  have  not  been  able  to  accu¬ 
rately  predict  the  changes  in  effective  length.  We  attribute 
this  to  difficulty  in  modeling  the  anisotropy  of  the  lamina- 
tions  and  insufficient  computing  resources  to  model  a  large 
enough  volume  with  fine  resolution. 

III.  End  Field  Shape 
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A.  Requirements 

The  body  field  of  the  FMI  dipoles  is  quite  uniform  as  a 
function  of  x,  especially  at  low  current.  The  goal  of  the 
end  pack  design  was  to  not  degrade  that  uniformity  in  the 
total  field  integral.  We  expect  and  ignore  a  quadrupole 
component  of  the  end  field  due  to  the  magnet  being  con¬ 
structed  with  parallel  ends  rather  than  as  a  sector.  Any 
sextupole  or  higher  component  is  of  concern.  The  end 
field  shape  must  be  studied  in  concert  with  the  shape  of 
the  body  field  and  the  shape  of  the  field  generated  by  eddy 
currents  in  the  beam  pipe.  We  wanted  to  get  the  sextupole 
component  of  the  end  field  low  enough  so  that  the  chro- 
maticity  correction  sextupoles  could  adjust  the  chromaticy 
over  the  desired  range  without  changing  polarity[7]. 

B.  Achievements 


Figure  1:  Effective  length  (relative  to  1500  A)  vs  current 
for  endpacks  #1,  original  straight  cut;  #2,  stepped  ap¬ 
proximation  to  straight  cut;  #3,  Borda  profile;  and  #9, 
Rogowski  profile. 

The  rest  of  the  end  pack  had  a  more  complicated  shape, 
making  machining  somewhat  expensive.  We  therefore  de¬ 
cided  to  fabricate  the  production  end  packs  by  building 
them  from  laminations  trimmed  in  advance  to  produce 
the  desired  contours.  Fermilab  has  successfully  used  this 
technique  in  the  past.  We  built  a  set  of  endpacks  that 
approximated  the  straight  cuts  of  the  initial  design  with 
steps  three  laminations  (4.5  mm)  deep.  This  stepped  ap¬ 
proximation  to  the  straight  line  produced  an  unacceptable 
variation  of  4.5  mm  per  end,  as  shown  in  Figure  1. 

We  then  tried  an  end  pack  following  the  Borda  profile[6], 
which  we  hoped  would  reduce  effective  length  variations  by 
making  the  saturation  uniform  along  the  pole  profile.  The 
stepped  approximation  to  the  Borda  profile  produced  an 
even  larger  variation  of  8.6  mm  over  the  range  of  interest, 
as  shown  in  Figure  1.  A  retrospective  analysis  showed 
that  we  had  failed  to  recognise  problems  with  nonuniform 
saturation  in  the  bulk  of  the  end  pack. 

Finally  we  tried  the  Rogowski  profile[6]  and  made  an 
end  pack  which  approximated  the  Rogowski  profile  (with 
steps)  in  the  central  region.  To  reduce  the  iteration  time 
we  machined  an  existing  set  of  end  packs,  carefully  cutting 
just  to  lamination  boundaries.  This  shape  produces  an  ac¬ 
ceptable  variation.  After  the  adjustments  described  below 
to  the  sides  of  the  end  pack,  the  effective  length  variation 
is  only  2.0  mm,  as  shown  in  Figure  1. 


When  it  is  normalised  with  respect  to  its  value  at  x  =  0, 
the  field  of  a  magnet  naturally  falls  off  on  the  sides  of 
the  end  region.  To  first  order,  this  effect  is  purely  geo¬ 
metric  and  introduces  an  excitation-independent  negative 
sextupole  contribution  in  the  integrated  field  expansion. 
Since  the  rate  of  fall  off  of  the  field  is  larger  when  the 
gap  to  width  ratio  increases,  profiled  ends  tend  to  have  an 
even  larger  sextupole  than  a  plain  rectangual  end.  To  com¬ 
pensate  for  that  effect,  the  original  design  provided  large 
bumps  on  each  side  of  the  end  pack  protruding  from  the 
flat  tapered  surface.  These  provided  additional  effective 
length  to  the  sides  by  keeping  the  field  stronger. 

Measurements  of  the  end  field  shape  on  the  original  end 
pack  and  the  stepped  approximation  to  it  agreed  quite  well 
with  each  other[5].  However,  the  variation  with  position 
was  unacceptably  large,  comprising  about  half  of  varia¬ 
tion  in  total  field  integral  at  the  critical  injection  field 
(1=500  A).  As  expected,  the  shape  was  not  a  strong  func¬ 
tion  of  current. 

The  3-D  computer  model  of  the  field  was  able  to  re¬ 
produce  the  measured  field  shape  qualitatively  fairly  well. 
However,  the  same  considerations  that  limited  the  effective 
length  calculations  affected  the  shape  calculations  as  well. 

We  assumed  that  the  shape  measurements  on  the  Borda 
profile  endpack,  which  had  no  transverse  variation  in  steel 
profile,  would  be  our  best  approximation  to  what  the  Ro¬ 
gowski  profile  would  produce  with  no  transverse  structure. 
We  compared  the  measured  sextupole  component  of  that 
end  field  with  the  sextupole  expected  (from  a  2-D  calcu¬ 
lation)  due  to  a  notch  in  the  pole  face.  We  found  that 
a  notch  of  the  depth  and  length  of  the  first  step  required 
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for  the  Rogowski  profile  produced  approximately  the  right 
•mount  of  sextupole  to  compensate  for  the  corner  satu¬ 
ration.  While  this  approach  hoe  the  advantage  of  being 
eerier  to  calculate  than  a  complicated  3-D  shape,  we  ex¬ 
pect  it  to  saturate  at  a  lower  current.  At  that  point  the 
body  sextupole  will  be  dominating  the  total  integral,  so  a 
deterioration  of  the  end  will  be  acceptable. 

We  carefully  trimmed  off  the  original  bumpe,  step  by 
step,  measuring  the  end  field  after  each  step.  We  reduced 
the  sextupole  component  each  time,  until  we  were  left  with 
only  one  set  of  laminations  that  were  not  fiat.  We  adjusted 
the  width  of  the  central  notch  to  reduce  the  sextupole  a 
little  more,  and  declared  victory.  Hie  final  end  pack  is 
shown  in  Figure  B..  The  reeultant  field  shapes  are  shown 
in  figure  1  of  [3].  The  difference  between  the  final  shape 
and  the  shape  of  a  tapered  endpack  with  no  transverse 
shaping  is  in  excellent  agreement  with  the  integrated  field 
predicted  by  multiplying  the  result  of  a  2-D  calculation  by 
the  length  of  the  notch. 


IV.  CONCLUSIONS 

After  a  lengthy  development  program,  we  have  settled  on 
an  end  pack  design  few  the  FMI  dipoles  and  have  started 
production  with  that  design.  The  design  meets  all  of  the 
magnetic  requirements  of  the  accelerator.  Figure  3  shows 
the  field  at  1500  A  of  a  single  end,  of  the  body  of  the 
magnet,  and  of  the  sum  of  two  ends  plus  the  body.  With 
the  simplified  method  of  controlling  the  sextupole  in  the 
end  field  that  we  have  adopted,  machining  might  have 
been  coat  effective  compared  to  building  the  shape  from 
trimmed  laminations.  Time  constraints  prohibited  further 
investigation  of  that  approach. 
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Abttmct 

Fiaal  renki  of  mimetic  —  mi>wnmh  of  12W 
quadrupoles  and  32  sextupoles  are  presented.  There  are 
many  placea  k  the  SHR  complex  where  these  magnets 
«9  be  operated  from  a  common  power  supply.  For  the 
quadrupole  m^wrti  there  are  4  octets,  4  triplets  and  18 
Jodhh;  these  asagaets  have  been  matched  to  i  0.1%  in 
for  the  «yar atiag  my.  rarrajwwting 

to  03  -L0  GeV.  For  the  sextupoles  there  are  four  octets 
when  the  (pairwise)  matching  has  generally  been  made 
to  the  ±03%  level.  Parameterization  of  the  data  as  well 
as  fits  are  described  and  examples  of  the  magnet 
groupings  are  shown. 

L  INTRODUCTION 

The  190m  MIT-Bates  South  Hall  Ring  (SHR)  will 
provide  both  high  (85%)  duty-factor  extracted  beams  as 
well  as  high  current  (up  to  80  mA)  circulating  beams  for 
internal  target  physics  in  the  energy  range  of 300  Me  V  to 
1  GeV.  The  project  has  been  described  elsewhere1'1.  In 
order  to  complete  the  SHR  project,  a  total  of  128 
quadrupoles  and  32  sextupoles  were  manufactured. 
Magnetic  measurements  have  been  made  on  each  of  these 
multipole  elements  in  order  to  determine  harmonic 
content  and  similarity  of  response,  since  many  of  these 
magnets  will  be  powered  from  common  power  supplies. 
Previously,  we  have  described  these  quadruples  and 
shown  results  from  the  first  24  of  them  to  be  measured™. 
In  that  reference  we  described  the  magnetic  measurement 
technique  and  the  equipment  that  was  used,  thus  we  shall 
only  summarise  fins  information  hare.  The  sextupoles  are 
repficas  ofLBL  Light  Source-Booster  sextupofes™,  which 
were  fabricated  for  as  by  Everson  Electric**. 

a  MEASUREMENTS  AND  RESULTS 

Our  multipole  magnetic  measurement  equipment 
consists  of  a  harmonic  analyzer  table  which  was  built  for 
us  at  Chalt  River™.  The  heart  of  this  system  is  a  ceramic 
bobbin  that  contains  two  tangential  coils  (one  with  90* 
and  one  with  45*  nominal  opening  angle)  which  is  rotated 
on  the  axis  of  the  mukqmle.  The  signal  from  one  of  the 
cods  is  input  to  a  vokage-to-frequency  (V/f)  converter 
with  1MHz  per  fad  scale  bipolar  output  Pulses  from  the 
V/f  are  accumulated  in  256  bins  per  each  revolution  of 
the  bobbin.  Data  are  accumulated  with  a  PC,  which  is 
also  used  to  cycle  the  power  supply  controlling  the 
multipole.  At  each  current  setting  a  total  of  10  data  sets 


is  obtained,  5  with  die  bobbin  rotating  in  one  direction 
and  5  with  the  rotation  in  the  other  direction.  Prior  to  a 
set  of  measurements,  the  bobbin  is  centered  on  the 
magnetic  axis  by  minimizing  the  dipole  (quadrupole)  term 
for  the  quadrupole  (sextupale)  magnet  to  be  measured, 
using  dm  90*  (45*)  cod. 


Figure  1.  The  relative  harmonic  strengths  for  a)  typical 
quad  at  40  Amps  (90°  cod  not  sensitive  to 
n- 4,8, 12, etc.)  and  b)  typical  sextupole  at  8  Amps  (45* 
coil  not  sensitive  to  n*>  8,16^24, etc.) 


The  data  are  then  analyzed  with  a  Fast-Fouricr 
Transform  (FFT)  from  which  the  harmonic  strengths  are 
obtained.  Figure  1  shows  the  harmonics  relative  to  the 
desired  one  for  both  a  typical  quadrupole  and  sextupole, 
where  in  both  cases  the  correct  magnet  and  coil  geometry 
is  used.  For  the  quadruples  the  quantity  BtLM/a(I)  is 
obtained,  while  for  the  sextupoles  the  quantity  obtained 
is  BoL*,/aJ(I),  where  in  both  cases  the  correct  magnet  and 
coil  geometry  is  used.  For  our  quads,  the  effective  length 
is  300mm  and  the  aperture  radius  is  323  mm,  while  for 
the  sextupoles,  the  effective  length  is  121  mm  and 
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Figure  2.  The  residiial  field  terms  a,  obtained  from  fits 
to  Eq.  1  for  the  40  Amp  cycle  data,  a)  shows  the 
scatter  vs.  Serial  Number  and  b)  shows  die  statistics  of 
the  distribution. 

aperture  radius  is  35  mm.  We  then  fit  the  obtained 
strengths  to  the  form  (e.g,  for  the  quads): 

Vw/^-Wf/iso)  +as(i/my+ (1) 

Oj(//150)9  ♦on(//150)13 

from  which  we  can  make  comparisons  and  look  for 
matches.  Initially,  we  measured  each  quad  on  each  of  5 
different  cycle  currents  (corresponding  to  the  maximum 
values  of  die  quad  power  supplies),  which  proved  to  be 
very  time  intensive.  After  approximately  two-thirds  of 
than  had  been  measured  mid  we  were  beginning  to  make 
tentative  matches,  we  realized  that  about  one-third  of 
them  would  require  polarity  changing.  At  that  pant  we 
decided  to  measure  each  quad  on  only  one  common  cycle 
and  make  choices  based  upon  that  cycle’s  results.  Our 
SHR  lattice,  which  contains  79  quadrupoles,  has  fair 
octets- all  32  of  these  quads  are  on  40  Amp  cycles,  which 
therefore  was  the  cycle  of  choice.  The  remaining 
quadrupoles  were  aO  scanned  at  40  Amps.  Shown  in 
Figure  2  are  the  remdual  field  terms  a«  obtained  from  fits 
of  all  our  quadrupoles  to  Eq.  1  for  the  40  Amp  cycle 
data,  ft  should  be  pointed  out  that  with  our  L^/a,  the 
residual  fields  are  scattered  about  a  value  of  roughly  30 
Gauss.  Shown  in  Figure  3  are  the  linear  terms  a,  in  the 
fit  to  the  data,  mid  one  can  see  that  there  is  a  natural 
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Figure  3.  Similar  to  Figure  2  for  the  linear  term  a, 
from  fits  to  the  data  for  the  40  Amp  cyde  data. 

spread  of  ±5%  in  the  distribution,  which  is  much 
narrower  than  the  spread  in  the  residual  field  term. 
However,  the  criterion  that  the  accelerator  physicists  had 
given  us  was  to  match  quads  to  ±.1%,  over  the  operatic 
range  of  die  SHR.  We  were  able  to  meet  this  criterion 
and  two  examples  arc  shown  in  F%Mre  4.  Each  arc  of  the 
lattice  has  a  triplet  (60  Amp  positive  polarity)  in  addition 
to  an  octet  (40  Amp  negative  polarity).  The  data  in 
Figure  4  arc  shown  relative  to  the  fit  for  the  reference 
quad,  and  one  can  see  that  the  fit  meets  the  criterion  over 
the  range  of  8  Amps  to  25  Amps,  which  is  the  operational 
range  of  the  octet 

For  the  sextupoles,  all  magnets  were  measured  on  a 
single  8  Amp  cyde.  Half  were  chosen  to  be  one  polarity 
(deflecting  electrons  to  the  right)  and  half  the  other.  We 
then  pair-wise  matched  them  to  approximately  ±3%  over 
the  operating  range  of  the  sextupoles,  which  was 
deemed  acceptable  to  the  accelerator  physicists. 

An  example  of  the  sextupole  matching  is  shown  in  Figure 
5. 

In  conclusion,  we  have  met  the  design  criteria  of  the 
SHR  in  the  placement  of  the  quadrupole  and  sextupole 
multipole  elements.  From  the  128  quadrupoles  it  was  just 
possible  to  select  the  octets,  within  each  of  which  the 
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Flfwt  4.  a)  Shows  the  data  Cor  the  NW  Arc  octet 
relative  to  the  fit  to  the  reference  quad  data,  b)  shows 
the  data  for  the  triplet  in  the  same  arc. 
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Figure  S.  Shows  the  data  from  three  sextupoles 
compared  to  the  fit  for  one  of  them. 
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response  was  matched  to  ±0.1%.  This  was  the  most 
stringent  requirement  The  sextupoles  showed  a 
somewhat  larger  variation  in  their  strengths,  but  it  was 
stffl  possMe  to  obtain  pairs  matched  to  ±  03%.  The 
fabrication  of  both  types  of  multipoles  followed  standard 
practices,  and  there  was  no  post-fabrication  machining  or 
selection  of  materials  before  final  assembly.  For 
applications  demanding  better  matching  (than  has  been 
demonstrated  here),  improved  fabrication  techniques  and 
tighter  qnafity  assurance  will  be  necessary. 
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Abstract 

We  have  constructed  four  Halbach-type*  permanent 
magnets  for  use  as  correction  dipoles  in  the  Tevatron.  Each 
magnet  consists  of  16  trapezoidal  prisms  of  Ferrite,  arranged  in 
a  cylindrical  shell.  The  magnets  may  be  rotated  freely  about 
the  beamline  by  a  stepper  motor,  and  are  used  in  pairs  to 
provide  any  field  integral  between  0  and  0.6  T-m,  in  any 
plane.  The  ^rrectors  buck  the  dipole  component  of  the  static 
magnetic  field  caused  by  the  various  toroids  of  the  DO  detector, 
and  thus  prevent  a  closed  orbit  distortion  in  the  Tevatron.  The 
tight  space  constraints  (6*  square  by  12"  long  for  each  pair) 
and  difficulty  of  getting  utilities  beyond  a  dc  control  cable  to 
the  location  led  us  to  choose  a  permanent  magnet  rather  than  a 
Copper-Iron  one.  We  describe  briefly  the  principle  of  their 
design  mid  operation.  Next  the  mechanical  design,  motion 
control  system  and  field  quality  me  discussed.  We  conclude 
with  a  summary  of  our  operating  experience. 

INTRODUCTION 

Static  magnetic  fields  capable  of  perturbing  the  Tevatron 
beam  at  150  GeV  are  generated  by  the  EF.  CF.  and  SAMUS 
toroid  components  of  the  DO  detector.  At  die  time  the 
magnets  were  designed,  the  integrated  field  in  the  DO  detector 
was  anticipated  to  he  as  large  as  0.4  T-m.*  This  field  is 
expected  because  the  main  toroid  does  not  have  symmetrically 
placed  excitation  coils.  Since  this  is  equivalent  to  a  66  prod 
bending  of  the  proton  beam  at  150  GeV  (the  Tevatron 
injection  energy),  or  about  15%  of  the  strength  of  a  Tevatron 
correction  dipole,  it  was  decided  to  correct  the  field  locally  with 
one  magnet  at  each  end  of  the  detector.  Because  of  the  tight 
space  constraints  at  the  desired  location  (6"  x  6"  x  12"),  and 
because  an  engineering  analysis  showed  that  a  properly  sized 
electromagnet  would  be  difficult  to  design,  a  permanent 
magnet  of  the  Halbach  design  was  chosen.  *  The  magnets  were 
designed  and  built  by  Fermag  Corp.,  a  division  of  Dexter 
Magnetics.^ 

A  total  of  four  units,  dubbed  Permanent  Dipole  Correctors 
(PDCs)  were  constructed.  See  Fig.  1  for  an  end  on  view  of 
one  magnet  Two  PDCs  were  installed  at  each  end  of  the  DO 
detector.  A  pair  of  magnets,  both  having  the  same  strength  B, 
can  create  any  net  field  from  0  to  21  by  rotating  the  field 
direction  of  each  member  in  a  scissors  like  motion.  In 
addition,  the  plane  of  the  net  field  can  be  chosen  by  an  overall 
roation  of  both  members.  In  practice,  one  chooses  the 
horizontal  and  vertical  field  components  desired  independently 
and  selects  orientations  that  satisfy  both  planes 
simultaneously.  Provided  Bx*  +  By2  request  can 

be  satisfied. 


Fig.  1.  The  Permanent  Magnet  Dipole  Corrector  (PDQ 
consists  of  a  cylindrical  shell  filled  with  ferrite.  The  magnet  is 
rotated  by  a  stepper  motor  to  any  position  about  the  beam 
axis.  The  field  is  normal  to  the  parting  plane  of  the  two  half 
shells. 

DESIGN 

The  design  of  the  PDCs  is  an  approximation  to  a 
cylindrical  shell  of  magnetic  material  with  a  continuously 
varying  direction  of  magnetization  M.  Such  a  configuration 
gives  a  perfect  multipole  n  provided  that  0,  the  direction  of 
M,  varies  as  twice  the  azimuth  angle  <p :  9-2  n  <p.  For  a 
dipole,  n  =  1  and  so  9-2  tp.  In  Ref.  1  and  references  died 
(herein,  Halbach  has  shown  that  using  piecewise  constant 
approximation  to  a  continuously  varying  M  gives  a 
reasonably  good  multipole.  We  used  16  trapezoidal  prisms, 
each  having  a  constant  and  properly  oriented  M  direction,  to 
build  up  a  cylinder. 

The  geometry  of  (he  cylinder  is  fixed  at  the  inner  diameter 
by  the  beampipe.  The  outer  diameter  is  set  to  acheive  the 
desired  field  quality  and  to  satisfy  geometric  constraints. 
Fortunately,  it  proved  possible  to  acheive  our  desired  field 
quality  of  multipoles  not  in  excess  of  1%  of  the  dipole  field  at 
1/2”  and  to  still  stay  within  the  6”  square  aiotted,  while  using 
ferrite  instead  of  the  more  expensive  SmCo.  The  overall 
parameters  of  the  magnet  are  given  in  Table  1. 


Operated  by  Universities  Research  Association  under  contract 
with  the  U  S  Department  of  Energy. 
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Magnet  construction 

The  trapezoidal  segments  were  constructed  by  cutting  and 
grinding  trangular  prisms  having  their  easy  magnetic  axis 
properly  orientated.  Triangiar  prisms  were  then  paired  to  form 
trapezoidal  prisms.  The  prisms  were  next  epoxied  together 
inside  a  form  consisting  of  an  aluminum  half-shell  and  a  thin 
alumninum  coveiplate.  (Hie  coverplate  protects  the  magnetic 
surface  from  ferromagnetic  debris  that  might  inhibit  free 
rotation  about  the  beampipe). 

The  magnetic  field  was  mapped  using  a  standard  rotating 
coil  magent  mapper  at  the  Fermilab  Magnet  Test  Facility. 
The  results  are  presented  in  Table  2.  The  integrated  dipole 
field  proved  to  be  consistent  to  the  1%  level.  The  mulitpoles 
were  within  tolerance  for  this  undemanding  application.  The 
most  important  constraint  is  how  well  the  dipole  fields  for 
each  pair  can  be  matched,  since  this  sets  the  minimum  net 
field  in  the  off  (antiparallel)  configuration.  The  mapping 
results  show  that  by  pairing  magnets  a  residual  field  of  2 
Gauss-m  is  obtainable. 


TABLE  1.  Parameters  of  the  Permanent  Dipole  Correctors 


Number  of  units 
Trapezoidal  elements  per  unit 
OD  of  magnetic  material 
ID  of  magnetic  material 
PDC  unit  ID 
BeampipeOD 
Magnetic  Length 
Min.  Integrated  Field 


4 

16 

5.600"  max. 
2.600"  min. 
2.560"  min. 
2.5"  nominal 
5.875"  max. 
12000  Gauss-in 


TABLE  2.  Field  Quality  of  the  PDCs.  The  PDCs  were 
mapped  at  the  Fermilab  Magnet  Test  Facility  using  a  standard 
rotating  coil  magnet  mapper.  The  multipoles  higher  than 
dipole  are  given  in  Fermilab  standard  units  as  a  fraction  of  the 
dipole  field  at  a  1"  radius.  2-pole  means  quadrupole,  3-pole 
means  sextupole,  etc.  The  magnets  are  listed  in  the  order 
installed,  preceding  from  North  to  South. 


Multipole 

UP1 

UP2 

DN1 

DN2 

Dipole  (T-m) 

0.0349 

0.0347 

0.0353 

0.0352 

Normal  2-pole 

-0.002 

-0.012 

0.003 

-0.003 

Skew  2-pole 

0.0004 

0.002 

0.003 

-0.001 

Normal  3-pole 

-0.010 

-0.013 

-0.007 

-0.008 

Skew  3-pole 

0.005 

0.0)3 

-0.0004 

0.001 

Normal  4-pole 

-0.0005 

-0.003 

-0.0002 

-0.001 

Skew  4-pole 

-0.002 

-0.003 

-0.0003 

0.001 

Normal  5-pole 

0.001 

0.005 

-0.008 

-0.007 

Skew  5-pole 

0.008 

0.005 

0.004 

0.003 

Normal  6-pole 

-0.003 

0.001 

-0.0005 

0.0005 

Skew  6-pole 

0.003 

0.001 

0.0002 

0.0001 

Serial  No. 

003 

001 

(X)2 

004 

magnet  cylinder.  The  3-phase  stepper  motor  makes  steps  of 
360  degrees,  but  internal  gearing  includes  a  60:1  reduction. 
Thus,  with  the  external  gear,  it  takes  1260  steps  to  make  one 
rotation,  so  the  magnets  can  be  positioned  to  a  precision  of 
±0.3  degrees.  The  magnets'  rotation  is  monitored  by  a 
potentiometer  that  is  geared  similarly  to  the  stepper  motor.  In 
addition,  for  redundancy  there  is  a  microswitch  that  senses  a 
machined  flat  on  the  cylinder  surface.  There  are  thus  two 
methods  for  controlling  the  angular  position — dead  reckoning 
from  the  microswitch  position  and  reading  the  potentiometer 
position.  In  practice  both  are  used  because  although  the 
potentiometer  gives  a  more  reliable  reading  than  counting 
steps  there  is  a  dead  space  of  a  few  degrees  when  the 
potentiometer  "turns  over." 

The  PDCs  are  controlled  by  a  Fermilab  C057  CAM  AC  card. 
This  card  was  developed  for  stepper  motors  used  to  control 
collimators,  and  thus  provides  a  standard  interface  to  the 
accelerator  control  system.  Since  the  present  application 
involves  rotary  motion,  several  control  signals  had  to  be  re¬ 
interpreted.  In  addition,  because  of  size  restrictions,  a  special 
stepper  motor  was  used.  An  interface  card  was  designed  to 
translate  from  the  C057  to  the  commercial  stepper  motor 
driver. 

When  tested  at  100  Hz,  the  motion  control  system 
performed  satisfactorily  but  the  drive  train  exhibited  excessive 
vibration.  Since  the  PDCs  are  designed  to  be  moved 
infrequently,  the  step  rate  was  lowered  to  10  Hz  and  no  further 
problems  were  encountered. 


Fig.  2  The  PIX”  with  cover  removed  to  show  the  stepper 
motor  (rear)  and  potentiometer  (front).  The  stepper  motor 
drives  a  7: 1  gear  cut  into  the  surface  of  tire  magnet  cylinder  via 
a  small  pinion.  The  potentiometer  is  geared  similarly. 


Motion  Control  System 

A  stepper  motor  is  used  to  rotate  the  PDCs  via  a  pinion 
and  a  7:1  reduction  gem  cut  into  the  outside  surface  of  the 


OPERATING  EXPERIENCE 
The  PIX's  have  been  tested,  although  they  are  not  used 
operationally,  since  it  has  been  found  that  the  DO  toroids  in 
fact  have  a  very  small  effect  on  the  Tcvatron  beam,  about  0.1 
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nun  nns  distortion  of  tbe  beam.  The  PDC  units  are  capable  of 
producing  a  0.7  mm  RMS  distortion  with  a  cusp  at  DO  when 
they  are  turned  to  the  parallel  configuration.  The  horizontal 
and  vertical  planes  are  sufficiently  decoupled  that  only  a  0.1 
mm  distortion  is  observed  in  the  orthogonal  plane  (See  Fig.. 
3).  The  magnets  may  find  operational  use  is  a  planned 
upgrade  of  the  DO  detector  to  include  a  solenoid. 


The  authors  would  like  to  thank  R.  S teller  of  Dexter 
Magnetics  for  numerous  informative  disussions  during  the 
design  and  construction  phase;  and  B.  Brown  for  his  assistance 
in  mapping  the  PDCs.  P.  Bolan  was  instrumental  in 
assembling  and  installing  tbe  finished  units. 
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Fig.  3  The  upper  trace  shows  horizontal  mbit  with  two 
PDC  magnets  parallel,  fields  vertical.  A  total  orbit  distortion 
of  0.7  nun  RMS  is  observed.  In  tbe  vertical  plane  (lower 
trace)  there  is  hardly  any  effect.  Both  orbits  are  subtracted 
from  the  normal  closed  oibit  of  the  Tevatron.  In  both  cases 
the  scale  is  ±5  mm. 
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Abstract 

We  report  on  i be  methods  and  results  of  magnetic  meas¬ 
urements  of  the  centers  and  moments  of  magnetic  focusing 
elements  for  the  Final  Focus  Test  Beam  at  SLAC.  The 
magnetic  center  is  located  by  observing  an  electromotive  force 
(EMF)  generated  on  a  vibrating  wire  within  the  magnetic 
aperture.  It  is  found  that  the  center  can  be  located  with  a 
precision  of  a  few  microns.  The  multipole  coefficients  can 
also  be  measured  by  using  a  grid  of  stretched- wire  sweeps,  and 
mapping  the  time-integrated  voltage  throughout  the  aperture. 
By  fitting  directly  to  this  map,  the  dipole,  quadruple,  and 
sextupole  terms  of  the  magnetic  field  are  extracted.  The  design 
fields  of  quadruples  and  sextupoles  can  be  measured  with  a 
precision  belter  than  0.1%,  and  the  resolution  of  sextupole 
aberrations  of  quadrupole  magnets  is  well  below  design 
tolerances.  This  method  has  been  used  to  process  twenty-five 
quadrupoles  and  four  sextupoles.  Results  of  these  measure¬ 
ments  are  presented. 

I.  INTRODUCTION 

The  Final  Focus  Test  Beam  (FFTB)  is  a  transport  line, 
designed  to  test  both  concepts  and  advanced  technologies  for 
application  to  future  linear  colliders.  It  is  currently  near  com¬ 
pletion  at  SLAC  in  the  straight-ahead  tunnel  at  the  end  of  the 
linac.  The  primary  optical  elements  of  the  FFTB  are  a  family 
of  quadrupole  magnets  and  a  family  of  sextupole  magnets  used 
for  chromatid ty  correction.  In  order  to  achieve  the  desired  spot 
sizes  at  the  focal  point  (ox  =  1  pm,  ay  =  60  run),  tolerances 
on  alignment,  design  field  strength,  and  aberration  field 
strength  must  be  met  [1].  We  describe  below  our  use  of  a 
stretched-wire  technique  far  measuring  each  magnet’s  compli¬ 
ance  with  its  tolerances,  and  discuss  our  experiences  with  the 
apparatus  to  date. 

H.  CONCEPT  OF  THE  METHOD 

Figure  1  below  depicts  a  schematic  of  our  apparatus.  A 
computer-controlled  Coordinate  Measuring  Machine  (CMM) 
is  used  to  establish  a  coordinate  system  parallel  to  the  me¬ 
chanical  axis  of  the  magnet,  with  x  =  y  =  0  on  the  axis  and 
z  =  0  at  the  longitudinal  midpoint  of  the  magnet  A  thin  wire 
which  has  been  stretched  lengthwise  down  the  magnet 
aperture  is  then  made  parallel  to  the  longitudinal  axis  to 
within  a  few  lens  of  microradians. 

The  technique  for  measuring  the  magnetic  center  of  the 
magnet  relative  to  the  mechanical  center  has  been  described  in 
dentil  elsewhere  [2].  In  brief,  the  wire  is  set  to  vibrate  at  its 
resonant  frequency  0),  and  the  resulting  EMF  is  monitored  on 
a  spectrum  analyzer.  By  nulling  the  EMF  at  the  driving  fre¬ 
quency  in  horizontal  and  vertical  planes,  the  magnetic  center 
can  be  located  and  measured  relative  to  the  mechanical 
coordinate  system,  via  the  CMM. 
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In  order  to  measure  the  magnetic  mnm^m  of  the  magnet, 
the  wire  is  swept  by  a  known  horizontal  or  vertical  distance 
(5x  or  8y,  respectively)  about  a  point  (x,y).  The  expansion  to 
second  (sextupole)  order  of  an  arbitrary  beamline  component’s 
magnetic  field  is: 

Bx  *  Bqx  +  Guy  +  Ggx  +  2Snxy  +  Ss(x*-y*)  , 

By  =  Boy  +  Gnx  —  Gsy  +  Sn(x2-y2)  —  2S$xy  ,  (1) 

where  Box  and  Boy  are  the  horizontal  and  vertical  field 
components  at  the  origin,  respectively;  Gn  is  the  normal 
quadrupole  (preserving  midplane  symmetry);  Gs  is  the  skew 
quadrupole  (violating  midplane  symmetry);  and  Sn  and  Ssare 
the  normal  and  skew  sextupole  components,  respectively  [3]. 
When  the  wire  is  swept  through  the  magnetic  field,  the  time- 
integrated  EMF  across  the  wire  is  a  function  of  the  center 
point  of  the  motion  and  of  the  total  distance  traveled  in  each 
direction: 

JvdtsL  ( 8x  [B0y4Gnx-Gsy+Sn(x*-y2)-2Ssxy+S„dx*/12] 
-dy  [B0x+Gny+GsX+2Snxy+Ss(x2-y2)-Ssdy2/12])  ,  (2} 
where  L  is  the  effective  length  of  the  magnet  The  wire  is 
moved  to  locations  throughout  the  aperture  of  the  magnet,  and 
swept  by  known  amounts,  vertically  and  horizontally.  The 
potential  difference  across  the  wire  is  monitored  by  an  integra¬ 
ting  voltmeter,  which  allows  direct  measurement  of  the  time- 
integrated  voltage  as  a  function  of  position  and  sweep  vector. 
By  fitting  the  mapped  measurements  directly  to  the  equation 
drove,  it  is  possible  to  extract  the  coefficients  of  the  magnetic 
expansion  directly.  Note  that  Eq.  (2)  is  only  correct  up  to  an 
overall  sign,  which  is  influenced  by  the  connection  between 
the  voltmeter  aid  the  wire,  among  other  variables. 


Figure  1.  Schematic  diagram  of  apparatus,  includ¬ 
ing  Stage  Controller  (SQ,  Integrating  Digital  Volt¬ 
meter  (IDVM),  Spectrum  Analyzer  (SA),  frequency 
generator  (FG)  and  switch  box  (SB).  Not  shown: 
mounting  table  and  CMM. 


0-7803-1 203- 1/93S03.00  e  1993  IEEE 


2838 


ffl.  DETAILS  OF  THE  APPARATUS 

As  shown  in  Figure  1,  the  principal  elements  of  the 
measurement  apparatus  are  the  wire,  the  oscillation  drivers, 
the  stages  which  move  the  wire,  tire  integrating  voltmeter, 
the  mounting  table  upon  which  the  apparatus  rests,  and  the 
magnets  themselves.  Many  of  these  components  have  been 
described  in  detail  in  Reference  [2],  so  for  these  only  supple¬ 
mentary  information  is  given. 

A.  The  Wire 

The  wire  employed  is  a  35  pm  gold-plated  tungsten  wire, 
of  the  type  often  used  in  drift-chamber  applications.  Under  the 
conditions  of  the  experiment,  the  overall  sag  of  the  wire  is 
12  pm.  If  the  height  of  the  wire  is  measured  close  to  the 
entrance  and  exit  of  a  half-meter  long  magnet,  the  effective  sag 
correction  is  about  1  pm.  The  sag  causes  no  alteration  to  the 
fitted  field  gradients,  and  an  alteration  to  the  sextupole  terms 
that  is  immeasurably  small. 

B.  The  Wire  Stages 

The  wire  is  moved  within  the  magnet  by  a  set  of  precision 
stages  made  by  the  Newport  Corporation.  Four  stages  were 
used,  one  for  x-modon  and  one  for  y-motkm  at  each  end  of 
the  wire.  The  stages  were  moved  independently  to  align  the 
wire  parallel  to  the  magnet,  and  then  in  pairs  (x  or  y)  to  sweep 
the  wire  parallel  to  the  magnetic  axis  for  field  measurements. 
The  stages  are  controlled  from  a  PC  via  a  GPEB  interface.  The 
stage  system  has  internal  monitoring  and  feedbacks,  and  in 
principle  each  mover  is  capable  of  0.1  pm  precision.  In 
practice,  this  requires  that  the  wires  repeatedly  iterate  their 
motions,  and  for  our  purposes  a  tolerance  of  approximately 
0.3  pm  was  chosen.  In  experimental  tests  with  the  wire  and 
CMM,  it  was  found  that  the  x  and  y  motions  have  a  difference 
in  scale  of  approximately  0.3%,  which  varies  slightly  between 
magnets.  This  scale  factor  was  determined  for  each  magnet  by 
fitting,  and  is  believed  to  be  due  to  non-orthogonality  between 
the  x-movers  and  the  magnet  z-axis.  The  absolute  accuracy  of 
the  stages  over  millimeter-sized  motions  was  highly  variable, 
but  always  on  the  order  of  microns. 

C.  The  Integrating  Voltmeter 

The  time-integrated  voltage  on  the  wire  was  measured  by 
a  Solartron-Schlumberger  Model  7061  Systems  Voltmeter. 
The  voltmeter  was  controlled  and  read  out  by  a  PC  via  a  GPIB 
interface.  The  voltmeter  has  a  built-in  time-integration 
function  which  returns  values  in  volt-seconds.  By  integrating 
the  voltage  in  DC  mode,  die  voltmeter  rejected  high-frequency 
transients,  such  as  60  Hz  line  noise.  The  integration  time  was 
set  to  5  seconds,  which  was  found  experimentally  to  be  long 
enough  to  allow  the  wire  to  stop  oscillating  after  being  swept 

D.  The  Mounting  Table 

The  magnet,  Newport  stages,  the  wire,  and  the  Coordinate 
Measuring  Machine  are  mounted  on  a  polished  flat  3.2-ton 
granite  block  that  is  seismically  isolated  from  the  ground  by 
soft  rubber  pads  in  a  temperature-controlled  clean  room.  As 
part  of  the  premeasurement  procedure,  the  magnet  is  made  flat 
with  respect  to  the  table  through  CMM  measurements  of  the 
table  and  the  magnet  split-planes  (see  below). 


E.  The  Magnets 

The  outer  surfaces  of  the  four  quadrupotc  quadrants  were 
machined  with  “split-plane”  slots  to  allow  access  to  the 
mating  planes.  In  all,  30  standard  quads  were  made,  of  which 
28  were  destined  for  installation  in  the  FFTB  beamline.  After 
an  initial  acceptance  test  using  a  rotating  coil  to  measure 
excitation  curves  [4],  each  quad  was  disassembled  for 
installation  of  a  precision  Beam  Position  Monitor  (BPM),  mid 
reassembled  on  a  remote-controlled  mover  apparatus  for  beam- 
based  alignment  [5].  At  this  point,  25  quads  were  retested 
using  the  present  technique,  both  for  tolerance-checking  and  as 
a  final  quality  control  checkout  before  installation.  Two  of  the 
quads  were  not  retested  because  of  time  constraints,  and  one 
was  not  retested  because  it  had  not  been  split  and  was 
downstream  of  the  focal  point;  therefore,  its  aberration  content 
was  not  critical.  All  measurements  were  made  at  a  current  of 
165  amperes  on  the  rising  leg  of  the  hysteresis  curve. 

The  standard  FFTB  sextupoles  have  a  bore  diameter  of 
2.065  cm  and  an  effective  length  of  25.0  cm.  The  sextupoles 
were  constructed  in  a  fashion  similar  to  the  quadrupoles, 
and  are  each  capable  of  producing  sextupole  coefficients  of 
7,100  T/m^.  Each  sextupole  was  subjected  to  an  initial 
acceptance  test  similar  to  that  of  the  quadnipole,  and  was  then 
mated  to  a  remote-controlled  mover.  Although  the  sextupoles 
were  not  disassembled  after  delivery,  it  was  necessary  for 
alignment  purposes  to  mount  each  sextupole  on  die  apparatus 
described  above,  and  subsequently  each  one  was  measured 
using  a  swept  wire  in  the  same  fashion  as  the  quads. 
Sextupole  measurements  were  all  made  at  a  current  of  215 
amperes  on  the  rising  leg  of  the  hysteresis  curve. 

IV.  RESULTS 

A.  Vibrating-Wire  Measurements 

Magnetic  cento-  location  was  accomplished  by  placing 
the  wire  at  six  different  small  angles  (<1  mr)  with  respect  to 
the  magnet  axis,  and  zeroing  the  first  harmonic  EMF  signal 
each  time.  The  resultant  six  lines  were  used  to  find  the  point 
at  which  the  average  distance  from  the  point  to  each  of  the 
lines  was  minimized.  This  fitting  would  produce  a  magnetic 
center  point  unconstrained  by  any  mechanical  reference  to  die 
magnet.  In  all,  28  magnets  were  measured  using  this 
procedure. 

Figure  2  shows  the  distribution  of  z  positions,  and  the 
average  distance  from  the  fitted  center  point  to  the  six  lines,  d. 
Note  that  the  longitudinal  cento  points  are  clustered  around 
-2  mm  from  the  mechanical  longitudinal  centers.  The  RMS 
deviation  of  any  line  from  the  point  of  closest  approach  was 
less  than  4  pm  relative  to  the  external  fiducials  of  the 
magnet 

B.  Swept-Wire  Measurements 

For  the  swept-wire  measurements,  the  area  of  the  magnet 
aperture  mapped  was  limited  by  interference  of  the  apparatus. 
The  total  length  of  each  sweep  was  chosen  to  be  2  mm,  and 
the  centers  of  each  sweep  were  separated  by  2  mm.  A  square 
grid  was  used,  containing  a  total  of  25  cento  points,  and  each 
point  centered  a  vertical  and  a  horizontal  sweep,  for  a  total  of 
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Figure  2.  Z  and  d  distributions  of  magnetic  centers 
relative  to  mechanical  center 


SO  measurements.  This  pattern  was  repeated  ten  times,  and  an 
avenge  and  rms  deviation  was  computed  for  each  of  the  50 
measurements.  For  most  magnetic  measurements,  the  rms 
was  found  to  be  consistent  with  die  measured  intrinsic  noise 
of  the  system,  about  80  nV  sec,  but  in  some  cases  it  was  up 
to  an  order  of  magnitude  larger.  In  the  latter  cases  it  was  also 
found  that  die  absolute  accuracy  suffered,  as  did  the  resolution 
of  the  measurements.  It  is  believed  that  high  temperatures  in 
the  equipment  room,  which  was  outside  the  climate-control 
area,  affected  the  performance  of  the  Newport  stage  controller 
unit  Six  out  of  the  25  quads  were  so  affected;  their  results  are 
included  in  the  quad  strength  analysis,  but  not  in  the 
sextupoie  aberration. 

It  was  also  shown  that  the  rms  of  the  measurements  did 
not  describe  well  the  deviations  of  the  measurements  from 
fitted  values.  It  was  speculated  that  although  the  movers  have 
a  precision  of  0.3  |im,  their  absolute  accuracy  might  be 
somewhat  lower.  We  found  that  mi  absolute  accuracy  of 
approximately  3  pm  described  the  deviations  quite  well.  As 
the  temperature  in  the  equipment  room  came  down,  we  found 
that  this  number  also  came  down,  to  approximately  1  pm. 

Fitting  of  the  magnetic  field  expansion  was  done  by  a 
special-purpose  FORTRAN  program  utilizing  the  CERNLIB 
fitting  engine  NDNUIT,  which  returned  fitted  values  for  the 
parameters,  errors  on  the  fitted  values,  and  a  final  chi-squared 
for  the  fit  [6].  In  fitting  the  magnetic  field  expansions,  it 
proved  useful  to  add  three  parameters,  x0,  y0>  and  0, 
corresponding  to  origin  offsets  and  roll  angle,  respectively.  By 
introducing  these,  it  was  possible  to  eliminate  three  magnet 
parameters  from  Eq.  (1). 

The  fitted  quadrupole  coefficients,  Gn,  of  the  normal  quads 
were  found  to  have  a  resolution  of  0.015  T/m  at  an  excitation 
of  approximately  62  T/m,  corresponding  to  a  precision  of 
2.5xl0~4.  This  was  dominated  by  the  3  pm  wire  mover 
accuracy.  For  measurements  with  better  accuracy,  the 


precision  was  as  good  as  8xl0~5.  With  the  exception  of 
measurements  that  were  clearly  anomalous,  there  was  a  sys¬ 
tematic  deviation  of  0.11±0.011  T/m  between  our  results  and 
those  obtained  with  a  rotating  coil,  which  has  intrinsic  resol¬ 
ution  similar  to  our  own.  This  deviation  is  believed  to  be  due 
to  slightly  different  absolute  calibrations  of  the  two  systems. 

The  construction  tolerance  on  sextupoie  content  of  the 
quadrupole  magnets  is  a  sextupoie  contribution  to  the  magne¬ 
tic  field  not  to  exceed  lxltr3  of  the  quadrupole  contribution 
at  70%  of  the  aperture  [7],  This  translates  to  a  limit  of 
7.7  T/m2  at  a  quad  strength  of  62  T/m  for  our  magnets.  Out 
of  the  25  magnets  tested  on  our  apparatus,  we  found  that  14 
met  the  construction  tolerances,  five  exceeded  the  tolerances 
by  small  amounts,  and  six  gave  anomalous  readings  due 
to  apparatus  difficulties.  Typical  resolutions  were  1.0  to 
2.0  T/m2.  Because  this  was  the  first  sextupoie  measurement 
made  of  these  magnets,  no  comparison  figures  are  avaOhbie. 

The  sextupoie  components  of  the  sextupoie  magnets  were 
found  to  have  a  poorer  resolution  than  those  in  the  quadrupole 
magnets,  typically  4/m2  at  a  sextupoie  strength  of 
6500  T/m2,  for  a  precision  of  6x10“*.  Because  the  currents 
were  not  recorded  during  these  measurements,  no  comparison 
with  die  rotating  coil  tests  is  possible. 
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Abstract 

A  30  Mcv  compact  cyclotron  used  for  medical 
radioactive  isotope  production  is  in  construction. 

A  program  controlled  mapping  instrument  with  ac¬ 
curacy  lO^was  devoloped.  Its  probe  moves  automatically 
in  the  30  mm  gap  covering  a  circular  area  more  than  1600 
mm  in  diameter.  It  makes  the  mapping  efficiency  and  ac¬ 
curacy. 

An  iteration  method  was  used  for  both  hanomic  and 
average  field  shimming.  The  results  were  so  good  that 
made  the  first  hamonic  from  more  than  10  guass  reduce 
to  about  5  guass  in  the  most  of  the  radius  and  70  guass  to 
about  10  guass  in  the  central  region.  Meanwhile  the  total 
phase  shift  which  represents  the  isochronous  from  more 
than  ±  90  °  to  about  ±  20  °  . 

I.  INTRODUCTION 

In  order  to  keep  the  most  of  beam  accelerated  to  the 
final  energy,  the  magnetic  field  of  a  cyclotron  should  be 
shimmed  to  close  the  isochronous  and  the  imperfect 
harmonics  should  be  kept  as  small  as  possible.  There  is  no 
trimming  or  harminic  coils  in  this  cyclotron,  the  field 
mapping  and  shimming  become  very  important. 

The  field  adjustment  was  implemented  by  the  sector 
pole  edge  modified.  The  aims  of  the  field  adjustment  are: 
the  first  harmonic  is  limited  to  10  guass  or  less  except  cen¬ 
tral  and  extracted  region  where  30  gauss  is  allowed  and 
the  total  phase  shift  is  kept  in  the  range  less  than  ±  30  °  . 

The  full  magnetic  field  survey  of  the  cyclotron  at 
CIAE  was  carried  out  based  on  an  automatic  mapping 
system.  The  sequencing  of  the  probe  movement  and  re¬ 
cording  of  field  value  is  controlled  from  a  step  motor 
power  supply  and  a  PC286.  GROUP3  Hall  probe  was 
used  as  the  field  detector  with  the  accuracy  10-4. 


H.  FIELD  MESUREMENT 

To  make  the  measurement  results  more  reliable  fol¬ 
lowing  measures  are  taken  before  and  during  the  map¬ 
ping. 

a.  To  assist  in  performing  the  measurement,  check 
list  were  given  for  operating  the  system  and  preset  control 
switches  for  each  type  of  measurement  planned. 

b.  Consistency  check.  The  consistent  of  the  rotated 
center  of  the  instrument  and  field  center  is  important.  But 
the  difference  of  the  two  centers  exists  certainly.  To  re¬ 
duce  the  difference,  the  probe  moved  slightly  along  the 
radial  direction  to  make  sure  the  probe  was  located  clos¬ 
ing  to  the  center  that  the  differences  of  field  value  at  dif¬ 
ferent  azimuthal  positions  were  small  enough  to  be  con¬ 
sidered  as  a  same  point.  The  limitation  in  our  case  is  ±  2 
guass. 

c.  Radial  position  check.  A  azimuthal  angle  is  chosen 
as  0  °  .  After  0  °  fixed  a  serial  field  data  acquisited  and 
stored  in  the  differnt  radii  from  0  to  84  cm  steped  by  2 
cm.  If  the  field  value  in  a  given  field  point  is  not  the  same 
as  stored  before  in  the  mapping  process,  the  warning 
would  be  given.  Then  the  radial  position  will  be  checked. 
The  data  might  be  given  up  when  the  difference  is  too 
large. 

d.  The  start  point  and  the  final  point  is  a  same  point 
for  each  turn,  so  is  the  field.  It  will  be  checked  if  the  two 
value  are  not  the  same. 

e.  The  field  curve  will  be  displayed  on  the  screen  to 
show  whether  the  shape  is  reasonable,  and  whether  there 
is  any  point  is  out  of  the  estimation. 

M.  HARMONIC  ANALYSIS 
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Harmonic  analysis  is  taken  on  the  range  [0,2a]  for 
each  given  radias.  A  code  used  for  Fourrier  analysis  com¬ 
putation  is  called  after  mapping.  Usually  the  coefficients 
up  to  40th  harmonics  are  considered. 

Fig.  1  shows  the  imperfect  first  harmonic  distribu¬ 
tion  along  radial  direction. 


.os  w.oi  a.flo  n.m  m.n  oo.oo  oo.»  *.oo  »-• 


Fig.  1  The  amplitude  of  the  first  harmonic  distribu¬ 
tion  along  radial  direction 

IV.  BEAM  DYNAMIC  ANALYSIS 
Fig.  2  shows  the  Flutter  varies  with  the  radius. 


Fig.  2  The  Flutter  varies  with  the  radius 

Based  on  measured  data  the  phase  shift,  betatron 
oscillations  in  radial  and  axial  direction  could  be  calcu¬ 
lated.  They  are  shown  in  Fig.  3,  Fig.  4  and  Fig.  S. 


Fig.  3  The  total  phase  shift  is  calculated  at  radius 


Fig.  4  The  radial  betatron  oscillation 
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Fig.  5  The  axial  betatron  oscillations 
The  diagram  of  data  post  processor  of  mapping  is 
shown  in  Fig.  6 
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Fig.  6  The  diagram  of  data  post  processor  of  map¬ 
ping 


V .  FIELD  ADJUSTMENT  AND  SHIMMING 
The  results  show  that  the  field  is  not  acceptable 
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becuase  the  imperfect  harmonics  was  too  large  and  the 
average  Held  dirfted  out  the  ischronous  much  more  than 
the  requitted.  The  reason  for  them  was  the  sectors  were 
not  machined  on  NC  machine.  The  sizes  are  slightly  dif¬ 
ferent  each  other. 

The  sectors  could  not  be  modified  any  more.  What 
we  were  able  to  do  is  use  the  pole  edges. 

Fig.  7  shows  the  improving  process  of  the  first 
harmonic  after  4  times  of  the  iteration. 


Fig.  7  The  improving  process  of  the  first  harmonic 
after  4  times  of  the  iteration 

After  the  field  successed  with  an  acceptable  small 
imperfect  harmonics,  the  average  field  is  ready  to  be 
shimmed  to  meet  the  requirements  from  the  isochronous. 
The  pole  edges  are  used  again  for  the  purpose.  But  an  im¬ 
portant  matter  must  be  kept  in  mind  is  the  shimming 
should  not  destroy  the  harmonics  which  is  in  the  requist- 
ed  amount  whenever  the  pole  edges  have  to  be  modified 
to  produce  the  field  close  to  the  isochronous.  The  phase 
shift  would  exest  if  the  average  field  is  off  the  isochronous 
in  a  fixed  frequency.  We  can  not  add  some  iron  to  the 
pole  edge  but  cut  in  practical  modification.  In  order  to 
make  up  for  such  deficiency  what  we  have  done  is  to  re¬ 
duce  the  frequency  a  small  amount  to  make  the  requisted 
isochronous  field  slightly  smaller.  Then  the  modified 


amount  would  become  positive  using  cut  only. 

Fig.  8  show  the  process  how  the  total  phase  shift  of 
the  accelerated  ion  is  improving  after  few  times  rtf 
iteration. 


Fig.  8  The  process  of  the  total  phase  shift  improving 

To  make  sure  the  field  is  acceptable  under  the  possi¬ 
ble  worst  conditions,  several  assumptions  have  been  ad¬ 
ded  to  test  whether  the  field  works.  No  vacuum  correc¬ 
tion  and  maximum  possible  correction  have  been  tested. 
Also  different  initial  phase  angle  (  ±  30  °  )for  the  acceler¬ 
ated  particle  have  been  supposed.  The  results  prove  that 
the  fields  are  good  enough  for  a  quite  large  region  of  the 
working  conditions. 

VI.  CONCLUSION 

An  iteration  method  was  taken  for  both  hanomic 
and  average  field  adjustment.  The  results  were  so  good 
that  made  the  first  hamonic  from  more  than  10  guass  re¬ 
duce  to  about  5  guass  in  the  most  of  the  radius  and  70 
guass  to  20  guass  in  the  central  region.  Meanwhile  the  to¬ 
tal  phase  shift  which  represents  the  isochronous  from 
more  ±  90  °  to  about  ±  20  °  . 

The  quality  of  the  field  is  acceptable  and  it  would  en¬ 
sure  the  machine  work  properly. 
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Abstract 

The  results  of  magnetic  measurement  of  the  quatbupoks, 
sextupoles  and  steerer  magnets  for  the  ELETTRA  storage  ring 
are  presented.  The  performance  of  the  rotating  coil 
measurement  bench  and  the  system  used  for  positioning  the 
reference  targets  is  also  described. 

I.  INTRODUCTION 

The  ELETTRA  storage  ring  contains  108  quadruples  in 
three  families  of  different  lengths,  72  sextupoles  of  two 
different  lengths  and  82  sieexers  [1,2].  All  of  the  magnets  have 
now  been  constructed  :  die  quadrupoles  and  sextupoles  by 
Ansaldo  Components  Italy,  the  steerers  by  Tesla 
Engineering,  England.  A  previous  report  dealt  with  the 
measurement  of  the  prototype  magnets  [3].  This  report 
presents  the  definitive  results  of  the  magnetic  measurements 
of  the  quadrupole  and  sextupole  series  production  using  the 
test  system  developed  at  CERN  [4]  and  lata  transferred  to 
Trieste.  Also  presented  are  some  preliminary  results  of  the 
steerer  magnets. 

H.  MEASUREMENT  AND  ALIGNMENT 
SYSTEM 

A.  General 

Magnetic  measurements  have  been  carried  out  with  a 
rotating  coil  system.  The  voltage  induced  in  the  coil  during 
one  constant  speed  rotation  (T=25.6  sec.)  is  read  out  by  a 
3852A  HP  voltmeter.  A  FFT  analysis  is  then  executed  to 
calculate  the  harmonic  components  of  the  signal.  In  order  to 
maximize  sensitivity  different  coils  have  been  used  for 
quadruples  and  sextupoles  having  as  Urge  an  outer  radius  as 
possible  -  36.17  mm  for  die  quadrupoles  (inscribed  radius  = 
37.3  mm),  and  43.69  mm  for  the  sextupoles  (radius  43.0 
mm).  The  accuracy  of  the  system  is  about  0.S  pV,  which 
corresponds  to  between  2  10*5  and  10‘4  of  the  main 
component  at  the  coil  radius  at  maximum  current  level, 
depending  on  die  magnet  type.  At  the  reference  radius  of  23 
mm  the  sensitivity  to  the  higher  multipole  components  is 
even  greater. 

Calibrations  have  been  calculated  directly  from  the 
geometric  parameter  of  the  coil.  Each  coil  assembly  includes  a 
total  of  4  separate  coils:  divided  between  left  and  right,  and 
between  outer  (radius  R)  and  inner  (radius  R/2).  Each  coil  has 
8  turns  and  can  be  selected  separately  or  together  with  another 
coil  in  order  to  obtain  the  sum  or  the  difference  of  the  induced 
voltage.  The  alignment  of  the  quadrupole  or  sextupole 
magnetic  axis  to  the  coil  axis  is  performed  using  the  left  and 
right  coils  separately,  in  order  to  eliminate  any  compensation 


of  the  alignment  errors  (i.e.  pitch  and  yaw  errors).  The  inner 
coils  were  used  to  check  that  the  multipole  terms  scaled 
correctly  with  radius,  mid  hence  that  rotation  errors  were  not 
introducing  false  harmonics. 

The  system  also  allows  a  HaH  plate  to  be  installed  (radios 
=  29.7  mm)  in  order  to  determme  the  central  field  strength  and 
hence  magnetic  length,  and  also  to  make  a  harmonic  analysis 
of  the  field  at  any  desired  longitudinal  position. 

During  routine  operation  about  4  boors  were  needed  for 
installation,  measurement  and  alignment  of  each  magnet. 
Thus,  3  magnets  were  regularly  measured  per  day,  however 
only  13  magnets  per  week  could  be  achieved  due  to  need  to 
check  the  system  alignment  using  a  reference  magnet  (see 
below).  The  reproducibility  erf  die  system  as  determined  by 
measurement  of  the  reference  magnet,  was  within  0.01%  for 
both  die  main  and  die  multipole  components. 

Since  the  pedes  of  the  magnets  have  to  be  opened  to 
install  the  vacuum  chamber,  the  measurements  have  been 
performed  after  opening  of  the  pedes.  The  reproducibility 
measured  after  two  successive  opening  and  closing  operations 
was  within  104. 

B.  Alignment  System 

The  location  of  the  magnetic  axes  of  the  quadrupole  and 
sextupole  magnets  must  be  determined  with  good  accuracy  [5] 
to  install  mid  align  correctly  die  magnets  in  die  storage  ring. 
This  operation  was  executed  by  means  of  a  Micro- Alignment 
telescope  manufactured  by  Rank  Taylor-Hobson.  During  the 
magnetic  measurements  supports  for  Taylor-Hobson  survey 
targets  and  an  adjustable  reference  plane  were  positioned  on 
each  magnet  The  sensitivity  was  about  20  pm  for  the  targets 
and  20  prad  for  the  reference  plane. 

To  align  the  telescope  axis  to  the  coil  axis  so  as  to  define 
a  vertical  plane  we  used  the  following  procedure:  align  die 
magnetic  axis  of  a  long-quadrupole  with  the  coil  axis;  centre 
the  Taylor-Hobson  spheres  with  the  telescope  axis  and  level 
the  reference  plane;  rotate  the  magnet  around  the  vertical  axis 
by  180°  and  re-align  it  using  the  Taylor-Hobson  spheres  and 
the  reference  surface.  Then,  if  the  telescope  axis  is  aligned  to 
the  coil  axis  the  measured  displacement  between  the  magnetic 
axis  and  the  coil  axis  is  zero.  Otherwise  a  correction  is  made 
to  the  telescope  axis  and  the  operation  repeated.  In  practise 
about  4  magnet  rotations  were  necessary  to  perform  a  bench 
alignment  to  within  23  pm. 

Some  problems  were  experienced  with  maintaining  a 
good  alignment  of  the  measurement  system  even  though  the 
measurement  area  was  temperature  stabilized  within  3  °C.  It 
is  presumed  that  this  was  caused  by  ground  movements  due  to 
either  settlement  and/or  external  temperature  changes.  As  a 
result  it  was  necessary  to  check  the  alignment  at  the 
beginning  and  end  of  each  week  using  a  reference  quadrupole. 
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30  pm  were  seen  a  re-alignment  of  the 


Table  2.  Multipole  confer*  of  the  short  quadripoles  (60) 


The 
qwxfmpolcor 


alignment  error  permitted  between  the 
axis  and  the  coil  axis  (left 
)  was  10  pm. 


HL  QU  ADRUPOLES 


Table  1.  Main  component  in  the  three  quadrupole  types 
at  maximum  current  (300  A). 


Peak  gradient  (TAn) 

Peak  integrated  gradient  (T) 
Magnetic  length  (m) 


Start 

Medium 

Long 

19.6 

20.4 

20.6 

5.07 

8.27 

10.16 

0.26 

0.41 

0.49 

IV.  SEXTUPOLES 


Normal  Components  (%) 
100  A 


200  A 


300  A 


was  aligned  with  respect  to 
the  oofl  within  0.01°.  However,  die  accuracy  of  setting  the 
coil  angle  Le.  the  effective  starting  point  of  the  measurement 
±0.02°,  determined  by  the  spirit  level  that  was 


Tride  1  presents  the  main  magnetic  measurement  results  for 
the  three  types  of  quadrapok. 


The  specified  integrated  strengths  are  obtained  with  a  current 
of  about  295  A,  at  which  level  the  saturation  is  15%  for  the 
start  quadrupole,  12%  for  the  medium  quadrupole  and  11%  for 
the  long  quadrupole. 

Tables  2-4  summarize  the  variations  in  the  main 
component  and  the  multipole  components  at  1/3,  2/3  and 
maximum  current  level.  The  numbers  of  each  type  of  magnet 
are  indicated.  Both  systematic  (average)  and  random  (r.ms.) 
parts  are  given,  separately  for  normal  and  skew  components. 
The  values  refer  to  the  percentage  field  error  at  a  reference 
radius  of  25  mm.  Only  components  with  systematic  or 
random  components  above  10"5  are  shown. 

With  respect  to  the  prototype  results  [3]  it  can  be  seen 
that  an  unproved  technique  for  pole  positioning  has  led  to  a 
reduction  in  components  n=3,4,5,  while  selection  of  a 
suitable  end-cut  has  significantly  reduced  the  dodecapole  (n=6) 
component.  Some  changes  in  the  systematic  octupole  (n=4) 
and  dodecapole  with  current  can  be  seen;  the  former  due  to  a 
small  closure  of  the  C-shaped  support  structure,  the  latter  due 
to  saturation  effects. 

The  performance  is  within  specification  [6]  apart  from  the 
random  variation  in  quadrupole  strength  and  systematic 
normal  octupole  component,  which  are  at  most  two  times 
larger  than  the  specified  values.  However,  calculations  have 
shown  that  the  magnets  are  acceptable  [7]. 

The  magnets  were  aligned  magnetically  at  300  A.  The 
centre  of  the  magnetic  axis  moves  slightly  with  current  in 
both  planes,  but  on  average  by  less  than  10  pm  between  100 
and  300  A,  and  with  a  maximum  displacement  of  50  pm.  No 
appreciable  change  in  angle  was  seen  (2  0.01°). 


n 

syst. 

rand. 

syst 

rand. 

syst 

rand. 

2 

- 

0.125 

- 

0.134 

- 

0.174 

3 

0.036 

0X123 

0.027 

0.024 

0.025 

0X126 

4 

0.019 

0X119 

0.024 

0.021 

0.029 

0X123 

5 

0.001 

0X103 

0.001 

0.003 

0.001 

0.003 

6 

-0.001 

0X102 

-0.005 

0.002 

•OX118 

0X103 

10 

-0X111 

0X1 

-0.011 

0.0 

-0X112 

0.0 

Skew  Components  (%) 

100  A 

200  A 

300  A 

n 

syst. 

rand. 

syst. 

rand. 

syst. 

rand. 

3 

0.0 

0.027 

-0.001 

0.026 

-0.004 

0.029 

4 

-0.002 

0.003 

-0.002 

0.004 

-0.002 

0.004 

5 

-0.001 

0.003 

-0.001 

0.003 

0.0 

0.003 

Table  3.  Multipole  content  of  the  medium  quadrupoles  (24) 

Normal  Components  (%) 

100  A 

200  A 

300  A 

n 

syst. 

rand. 

syst. 

rand. 

syst. 

rand. 

2 

- 

0.065 

. 

0.064 

- 

0.083 

3 

0.028 

0.029 

0.019 

0.029 

0.014 

0.034 

4 

0.016 

0.015 

0.025 

0.016 

0.033 

0.017 

5 

0.003 

0.004 

0.003 

0.004 

0.003 

0X104 

6 

-0.009 

0.002 

-0.013 

0.002 

-0.028 

0.002 

10 

-0.007 

0.0 

-0.007 

0.0 

-0.009 

0.0 

Skew  Components  (%) 

100  A 

200  A 

300  A 

n 

syst. 

rand. 

syst. 

rand. 

syst. 

rand. 

3 

-0.009 

0.024 

-0.010 

0.023 

-0.015 

0X120 

4 

-0.001 

0.004 

-0.001 

0.003 

-0.001 

0.004 

5 

0.0 

0.002 

0.0 

0.002 

0.001 

0.002 

Table  4.  Multipole  content  of  the  long  quadruples  (24) 


Normal  Components  (%) 
100  A 


200  A 


300  A 


n 

syst. 

land. 

syst. 

rand. 

syst. 

rand. 

2 

- 

0.118 

- 

0.120 

- 

0.109 

3 

-0.012 

0.038 

-0.019 

0.041 

-0.020 

0.042 

4 

0.013 

0.027 

0.025 

0.029 

0.038 

0.031 

5 

-0.003 

0.005 

-0.003 

0.005 

-0.003 

0.005 

6 

-0.004 

0.003 

-0.008 

0.003 

-0.022 

0.003 

10 

-0.006 

0.0 

-0.006 

0.0 

-0.008 

0.0 

Skew  Components  (%) 

100  A 

200  A 

300  A 

n 

syst. 

rand. 

syst. 

rand. 

syst. 

rand. 

3 

-0.006 

0.029 

-0.007 

0.027 

-0.010 

0.026 

4 

-0.001 

0.003 

-0.001 

0.003 

-0.002 

0.003 

5 

-0.001 

0.002 

-0.001 

0.003 

0.0 

0.003 

Table  5.  Main  component  (BA2)  in  the  two  sextupole  types 
at  maximum  current  (300  A) 


Table  5  summarizes  the  main  results  for  die  two  sextupole 
types. 


Peak  strength  (T/m2) 

Peak  integrated  strength  (T/m) 
Magnetic  length  (m) 


Short 

262 

40 

0.152 


Long 

282 

74 

0.264 


The  specified  strength  is  reached  at  247  A  for  the  short 
sextupole,  and  278  A  for  the  long  sextupok,  at  which  level 
the  saturation  is  6  %  and  4  %  respectively. 

Tables  6  and  7  summarize  the  measurement  results  for  the 
sextupoles,  referred  to  a  radius  of  25  mm.  As  for  the 
quarbupoks,  an  improved  technique  for  pok  positioning  has 
led  to  significant  reductions  in  the  n*4,5,6  errors  with  respect 
to  the  prototype  [3].  The  magnets  are  within  specification 
apart  from  the  random  variation  in  9extupole  strength,  and  the 
random  normal  and  skew  octupok  components,  which  in  both 
cases  are  up  to  two  times  larger  than  the  originally  specified 
values.  Later  calculations  however  showed  that  the  magnets 
are  acceptable. 

The  sextupoles  also  contain  small  systematic  and  random 
dipok  errors,  with  maximum  values  (300  A)  of  1.3  10~*  Tm 
for  the  short  sextupoles  and  3.2  10'4  Tm  for  the  long 
sextupoles. 

Alignment  was  carried  out  in  this  case  at  ISO  A.  The 
maximum  displacement  of  the  magnetic  centre  in  the  range 
100-300A  was  20  pm  in  the  horizontal  plane  and  40  pm  in 
the  vertical.  The  maximum  angle  error  was  less  than  0.02°. 

Table  6.  Multipole  content  of  the  short  sextupoles  (24) 


Normal  Components  (%) 

100  A  200  A  300  A 


n 

syst 

rand. 

syst 

rand 

syst. 

rand. 

3 

- 

0.234 

- 

0.232 

- 

0.182 

4 

-0.021 

0.031 

-0.025 

0.030 

-0.019 

0.032 

5 

0.001 

0.012 

-0.001 

0.012 

0.012 

-0.002 

6 

0.015 

0.013 

0.016 

0.012 

0.018 

0.012 

9 

-0.023 

0.001 

-0.023 

0.001 

-0.024 

0.001 

Skew  Components  (%) 

100  A 

200  A 

300  A 

n 

syst. 

rand. 

syst 

rand. 

syst. 

rand. 

4 

0.034 

0.046 

0.031 

0.042 

0.022 

0.037 

5 

-0.014 

0.017 

-0.015 

0.017 

-0.014 

0.016 

6 

0.001 

0.003 

0.001 

0.002 

0.001 

0.003 

Tabk  7.  Multipole  content  of  the  long  sextupoles  (48) 

Normal  Components  (%) 

100  A  200  A  300  A 


n 

syst 

rand 

syst 

rand 

syst. 

rand 

3 

- 

0.147 

- 

0.165 

- 

0.182 

4 

0.001 

0.039 

0.002 

0.038 

0.014 

0.037 

5 

0.008 

0.012 

0.006 

0.012 

0.006 

0.012 

6 

0.018 

0.012 

0.024 

0.012 

0.031 

0.012 

9 

-0.007 

0.001 

-0.007 

0.0 

-0.008 

0.001 

Skew  Components  (%) 

100  A 

200  A 

3 

JO  A 

n 

syst 

rand 

syst 

rand 

syst. 

rand 

4 

0.020 

0.045 

0.017 

0.046 

0.007 

0.045 

5 

-0.007 

0.014 

-0.006 

0.013 

-0.007 

0.013 

6 

0.0 

0.002 

0.0 

0.002 

0.0 

0.002 

V.  STEERERS 

The  steerer  storage  ring  magnets  (82  units)  [2]  have  been 
designed  to  provide  both  horizontal  and  vertical  correction. 
Measurements  of  the  first  magnet  have  been  performed  with 
the  same  rotating  coil  bench  used  for  the  quadrupok  and 
sextupok  magnets.  The  series  magnet  measurements  will  be 
carried  out  in  June.  In  Tabk  8  are  shown  the  magnetic 
measurement  results  of  the  prototype. 

Table  8.  Main  field  components  in  the 
prototype  storage  ring  steerer  magnet 


Horizontal  Field  Vertical  Field 
1(A)  12  16 

Bo(G)  493.9  450.9 

Jb  dl  (G  m)  139.0  126.9 

Lrnag  (m)  0.281  0.281 


Table  9  shows  the  integrated  field  homogeneity  of  the 
magnet  measured  at  maximum  current,  referred  to  a  radius  of 
25  mm.  The  harmonic  content  does  not  change  appreciably 
with  excitation  level. 

Table  9.  Harmonic  content  of  the  steerer  magnet  (%) 

(N)  =  Normal  component,  (S)  =  Skew  component 

Horizontal  Field  Vertical  Field 

2.1  (N)  0.1  (S) 

1.2  (S)  0.8  <N) 

0.15  (N)  0.02 

0.02  0.1 

50.01  0.1 

50.01  50.01 
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Abstract 

The  results  of  magnetic  measurement  of  the  24  gradient 
dipole  magnets  for  the  ELETTRA  storage  ring  are  presented. 
The  method  of  correcting  the  variations  in  dipole,  quadnjpok 
and  sextupoie  components  using  shims  is  described. 
Trajectory  and  path  length  effects  are  also  considered. 

L  INTRODUCTION 

The  ELETTRA  storage  ring  [1]  contains  24  gradient 
bending  magnets  with  a  nominal  field  of  12  T  and  field  index 
of  13  at  the  final  operating  energy  of  2  GeV  [2],  A  previous 
report  dealt  with  the  measurement  of  die  prototype  magnet  [3] 
using  the  test  system  developed  at  CERN  for  the  ELETTRA 
magnets  [4].  The  system  has  since  been  transferred  to  Trieste 
and  used  to  measure  die  25  series  production  magnets, 
constructed  by  Ansaldo  Components  Italy. 

D.  FIELD  MEASUREMENT  AND  ANALYSIS 

The  measurement  system  consists  of  an  automated  three- 
axis  bench  with  a  temperature  stabilized  probe  containing  a 
linear  array  of  15  SBV-S85-S1  Hall  plates,  with  1  cm  spacing. 
Field  maps  with  a  rectangular  grid  of  points  were  measured  in 
the  median  (x,z)  plane  of  the  magnet,  with  variable  density 
along  the  longitudinal  direction  (z).  A  standard  measurement 
(half  magnet)  contained  38  points  in  z,  up  to  z=*1.06  m,  at 
which  point  die  field  was  less  than  0.25  %  of  its  central  value. 
The  point  spacing  in  z  varied  between  5  cm  in  the  magnet 
centre  and  1  cm  at  the  edge.  In  the  x  direction  there  were  10 
points  with  1  cm  spacing.  All  15  (dates  were  read  at  each 
point.  Subsequent  analysis  consisted  first  in  averaging  the 
field  values  at  each  point  The  number  of  points  in  x  was  such 
that  there  were  at  least  4  measurements  of  the  field  at  each 
point  in  the  region  of  interest 

The  trajectory  of  the  electron  that  starts  from  the  magnet 
centre  mid  exits  with  the  correct  angle  (7.5°)  was  determined 
by  iteratively  tracking  electrons  with  different  energies.  Reid 
integrals  were  then  evaluated  along  a  series  of  curves  parallel 
to  die  electron  trajectory  i.e.  with  constant  radial  separation,  r. 
Interpolation  between  measurement  points  was  carried  out 
using  a  two  dimensional  cubic  spline.  The  field  integrals  were 
fitted  with  a  third  order  polynomial  in  order  to  determine  the 
multipole  field  components  defined  as  follows : 

/Bdl*ao  +  air  +  a2r2  +  a3r3 

The  rms  relative  error  of  the  fit  over  ±  3  cm  was  10'5. 
Although  this  method  results  in  a  different  energy  for  each 
magnet,  the  results  are  valid  also  at  fixed  energy  since  to  a 
very  good  approximation  small  shifts  in  the  x-direction  (dx) 
produce  a  relative  change  in  field  integral,  and  hence  energy, 
(for  fixed  bend,  angle)  given  by  (Go/B0)dx  without  significant 
change  in  magnetic  length  or  other  field  components. 


Both  halves  of  each  magnet  were  measured  at  an 
excitation  corresponding  to  initial  operation  at  1.5  GeV.  A 
smaller  "ymb**  of  magnets  were  measured  at  other  currents. 
Linear  scans  were  also  carried  out  in  the  magnet  centre  (z*0) 
on  each  magnet. 

ffl.  MEASUREMENT  RESULTS 

Table  1  summarizes  the  average  properties  of  the 
magnets  while  figure  1  shows  the  measured  variations  in  the 
integrated  field  components,  as  well  as  the  field  (B0)  and 
gradient  (Go)  in  the  centre  of  the  magnets,  at  1.5  GeV. 


0  5  10  15  20  25 

Magnet  No. 


Figure  1.  Variation  in  dipole  (upper),  quadrupole  (middle), 
sextupoie  and  octupole  (lower)  field  in  the  dipole  magnets. 
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Tfchle  1.  Avenge  magnetic  properties  of  (be  dipole  magnets,  before  shimming  at,  *2.  *3  values  refer  to  1/2  magnet 
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It  is  clear  from  die  correlation  between  Bo  and  ao.  and 
between  G0  and  ai,  that  the  variations  are  caused  by 
differences  in  the  pole  profile  throughout  the  whole  magnet 
The  dipole  variation  of  0.34  %  (peak-to-peak)  corresponds  10 
a  gap  variation  of  0.24  mm,  while  the  1.8  %  gradient  variation 
is  equivalent  to  a  0.9°  change  in  pole  angle.  By  contrast  the 
magnetic  length  variation  is  much  smaller,  0.08  %, 
corresponding  to  12  mm.  It  is  evident  that  the  errors  are  due 
to  the  final  machining  operation  which  was  carried  out  on 
groups  of  5  magnets  :  numbers  1-5,  6-10  etc.  The  largest 
changes  occur  between  the  first  10  and  the  remaining  IS 
magnets  which  corresponds  to  a  gap  of  several  months 
between  the  machining  operations. 

The  effect  of  such  dipole  and  quadrupole  errors  if 
uncorrected  would  lead  to  unacceptable  closed  orbit  and  f) 
function  errors  [5].  The  sextupole  and  octupde  components 
are  however  small  and  within  specification.  The  maximum 
values  in  fig.  1  correspond  to  relative  field  errors  at  the  edge 
of  the  good  field  region  (±  25  mm)  of  5.8  10~*  and  1.1  lCF4 
respectively. 

In  order  to  overcome  the  dipole  field  variation  the 
magnets  will  be  displaced  radially  from  their  nominal 
positions  by  up  to  0.68  mm.  In  order  to  correct  the  quadrupole 
(and  also  sextupole)  variation  it  was  decided  to  adopt  the 
simplest  and  cheapest  solution  -  a  passive  correction  using 
shims. 

IV.  SHIMMING  TECHNIQUE 

Various  attempts  were  made  before  arriving  at  a  final 
solution  that  was  sufficiently  stable  mechanically,  and 
sufficiently  independent  of  magnet  current  level  to  be 
effective  over  a  range  of  ring  energies.  Solutions  involving 
additional  end  plates  and  washers  had  to  be  rejected  as  being 
too  dependent  on  magnet  excitation,  due  to  saturation  in  the 
end-field  region.  The  final  solution  is  illustrated  in  fig.  2. 


magnets. 


Each  shim  consists  of  a  piece  of  magnet  lamination,  13 
mm  thick  and  20  mm  wide,  embedded  in  a  brass  holder  which 
is  bolted  onto  the  magnet  end  plate  so  that  the  lamination  lies 
flat  on  the  pole  surface.  The  centre-to-centre  spacing  of  the 
shims  was  a  compromise  between  maximizing  the  effect  on 
the  gradient  and  minimizing  the  effect  on  higher  order  field 
components. 

Pairs  of  shims  on  the  open  side  of  the  magnet  decrease 
the  gradient  while  those  on  the  closed  side  increase  it;  both 
sets  increase  the  sextupole  field.  Initial  measurements  showed 
that  the  effect  was  linear  with  shim  length  and  that  the  effects 
of  two  pairs  of  shims  added.  Shim  lengths  were  then 
calculated  for  each  magnet  to  reach  a  common  gradient  and 
sextupole  value,  chosen  in  order  to  minimize  the  maximum 
required  shim  length  (61  mm).  Shims  with  similar  length  were 
then  grouped  to  obtain  an  acceptable  number  of  types  of  shim 
(7)  and  magnet  groups  (5).  A  prototype  was  constructed  of 
each  pair,  and  all  5  groups  tested  on  one  magnet  (no.  16)  at 
excitations  corresponding  to  1.5, 2.0  and  2.4  GeV.  Two  shim 
groups  which  gave  the  largest  effects  of  the  gradient  were  also 
tested  on  a  second  magnet  (no.  8)  with  different  gradient  from 
the  first  magnet 

The  measured  effect  of  the  shims  agreed  very  well  with 
tiie  expected  results,  with  the  exception  of  the  shortest  shim 
(10  mm),  for  which  an  adjustment  of  the  length  was  required. 
The  results  also  demonstrated  that  the  effects  were  the  same 
for  either  magnet,  and  so  could  be  applied  to  the  whole  group 
without  the  need  to  test  each  magnet. 

The  expected  performance  of  the  magnets  based  on  the 
shim  measurement  data  is  shown  in  fig.  3.  It  can  be  seen  that 
the  gradient  dispersion  has  been  reduced  to  0.2  %,  within  the 
desired  0.4%.  The  variation  in  sextupole  value  has  also 
decreased  significantly.  The  variation  in  octupole  field  has 
increased,  but  is  considered  acceptable. 

V.  PERFORMANCE  AT  HIGHER  ENERGIES 

The  limited  number  of  measurements  that  woe  made  at 
higher  energy  (7  magnets  at  2.4  GeV)  are  sufficient  to  show 
the  good  correlation  between  integrated  and  central  field  and 
gradient,  as  at  1.5  GeV.  The  additional  variation  at  2  GeV 
(0.2  %)  and  2.4  GeV  (0.5  %)  with  respect  to  13  GeV  is  very 
similar  for  both  field  and  gradient,  and  is  clearly  an  effect  due 
to  saturation. 

Measurements  of  the  shims  at  different  energies  show  a 
systematic  reduction  in  the  average  gradient  due  to  shim 
saturation,  however  the  maximum  variation  introduced  b  only 
0.02  %  at  2  GeV  and  0.08  %  at  2.4  GeV,  which  are  therefore 
small  compared  to  the  effects  of  magnet  saturation. 

Figure  4  shows  the  estimated  dipole  and  gradient 
variations  at  different  energies,  taking  into  account  both 
magnet  and  shim  effects,  and  assuming  a  perfect  correction  of 
the  dipole  errors  at  1 .5  GeV  by  means  of  radial  positioning. 
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Figure  3.  Estimated  quadrupole  (upper)  and  sextupole 
Axtupote  (lower)  field  variations  at  1.5  GeV  after  shimming. 

At  2  GeV  there  is  little  difference  to  the  situation  at  1 5  GeV  : 
the  dipole  variation  is  0.14  %  and  the  gradient  0.26  %.  At  2.4 
GeV  however  there  is  a  significant  increase  due  to  saturation : 
0.47  %  in  field  and  0.83  %  in  gradient.  In  order  to  provide  for 
a  possible  future  operation  at  high  energy,  it  has  been  decided 
therefore  to  distribute  the  magnets  in  such  a  way  as  to 
mmimize  the  effects  on  the  optics  [6]. 

VL  TRAJECTORY  EFFECTS 

The  actual  electron  trajectory  in  the  magnet  deviates 
significantly  from  the  ideal  circular  arc  with  nominal  bending 
radius  (3.3  m)  due  to  the  fact  that  the  magnetic  length  and 
hence  the  radius  of  the  electron  trajectory  are  slightly  greater 
than  the  nominal  values,  and  also  due  to  the  effect  of  the 
fringe  field.  The  result  is  that  the  trajectory  is  displaced  in  the 
x -direction  (Ax)  and  also  that  the  path  length  is  different  (AL) 
with  respect  to  the  hard-edge  case.  These  quantities  have  been 
found  to  be  equal  for  all  magnets  and  are  Ax  *  -  0.86  mm,  AL 
« -0.069  mm,  at  1.5  GeV.  The  shims  have  a  negligible  effect 
on  both  quantities. 

The  effect  of  the  displacement  in  x  is  that  due  to  the 
gradient,  the  field  and  hence  current  required  for  a  given 
energy  would  be  different  to  the  measured  values.  This  could 
be  acceptable,  however  will  be  corrected  along  with  the  path 
length  effect.  The  total  path  length  error  is  4.3  mm, 
corresponding  to  a  momentum  deviation  of  1  %,  given  the 
ring  circumference  (239.2  m)  and  momentum  compaction 
factor  (1,6 Iff3).  To  overcome  this  effect  all  ring  components 


Figure  4.  Estimated  dipole  (upper)  and  quadrupole  (lower) 
field  variations  at  2  GeV  and  2.4  GeV  after  shimming. 

will  be  displaced  outwards  with  respect  to  their  nominal 
positions  by  AL/sin(0)  =  0.68  mm,  0*7 5°.  To  take  into 
account  both  effects,  die  dipoles  will  be  displaced  inwards  by 
0.86-0.68  «  0.18  mm,  in  addition  to  individual  displacements 
to  account  for  the  dipole  field  variations  described  above. 
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Abstract 

The  Advanced  Light  Source  (ALS)  accelerator  is  now 
completed.  The  numerous  conventional  magnets  required  for 
the  booster  ring,  the  storage  ring  and  the  low  and  high  energy 
transfer  lines  were  installed  during  the  last  two  years.  This 
paper  summarizes  the  various  costs  associated  with  the 
quantity  fabrication  of  selected  magnet  families.  These  costs 
include  the  costs  of  prototypes,  tooling,  coil  and  core 
fabrication,  assembly  and  magnetic  measurements.  Brief 
descriptions  of  the  magnets  and  specialized  requirements  for 
magnetic  measurements  are  included  in  order  to  associate  the 
costs  with  the  relative  complexities  of  the  various  magnet 
systems. 

L  INTRODUCTION 

The  ALS  is  a  1.S  GeV  electron  storage  ring,  optimized  to 
take  advantage  of  undulators  and  wigglers  to  produce 
synchrotron  light.  It  is  located  at  Lawrence  Berkeley 
Laboratory  (LBL)  in  the  hills  above  the  University  of 
California  at  Berkeley.  Construction  began  in  1988.  All 
magnets  had  been  installed  by  the  spring  of  1992  and 
commissioning  is  presently  underway.  The  main  components 
of  the  accelerator  system  are  a  full  energy  booster  ring,  with  a 
repetition  rate  of  1.0  Hertz  and  a  storage  ring  designed  for 
operation  at  1.5  GeV  and  capable  of  ramping  to  1.9  GeV.  The 
booster  magnets  were  designed  for  possible  operation  at  10 
Hertz. 

n.  MAGNET  FABRICATION 

All  die  booster  ring  magnet  cores  were  assembled  using 
0.025  inch  thick  (0.6  mm)  M36  silicon  steel  laminations  with 
C-5  insulation  to  reduce  the  effects  of  eddy  currents  due  to  the 
time  varying  excitation  at  a  future  passible  10  Hertz  maximum 
injection  frequency.  All  storage  ring  magnet  cores  were 
assembled  from  0.060  inch  thick  (1.5  mm)  uninsulated  low 
carbon  steel  laminations  to  take  advantage  of  the  economies  of 
this  fabrication  technique  for  large  numbers  of  DC  magnets 
and  to  distribute  systematic  variations  in  steel  properties 
uniformly  around  the  storage  ring  lattice.  With  the  lone 
exception  of  the  booster  dipole  magnet  cores,  which  were 
welded  because  of  curved  geometry,  all  other  cores  were 
fabricated  either  by  gluing,  or  using  mechanical  frames 
combined  with  a  modified  gluing  technique.  It  was  felt  that  a 
higher  quality  magnet  could  be  achieved  by  avoiding 
distortions  in  the  core  assemblies  due  to  the  thermal  effects  of 
welding. 

All  the  ring  magnet  coils  were  vacuum  potted  using  rigid 
reusable  molds.  The  potting  compound  was  an  epoxy  mixture 
using  Tooox  as  a  flexibilizer  in  order  to  avoid  the  long  term 
development  of  cracks  in  the  coil  insulation.  Because  of  the 
well  known  carcinogenic  hazards  of  Tooox,  thorough  safety 
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precautions  including  limitation  of  access  to  the  working  areas 
and  the  use  of  protective  wear  and  breathing  apparatus  were 
rigidly  enforced  for  the  in-house  fabrication  of  the  coils. 
Hazard  information  and  the  LBL  Operational  Safety  Procedure 
(OSP)  were  also  supplied  to  the  industrial  coil  vendor.  These 
safety  precautions  added  substantially  to  the  cost  of  coil 
fabrication.  Although  the  vacuum  potting  technique  was  only 
needed  for  the  booster  magnets  due  to  the  high  voltages 
generated  by  pulsed  operation,  this  technique  was  utilized  for 
the  storage  ring  magnets  as  well.  High  quality  potting  molds 
were  needed  for  precise  coil  dimensions  required  for  the 
storage  ring  sector  chamber  cutouts.  Also,  the  economies  of 
fabricating  the  large  coil  quantities  for  the  storage  ring 
magnets  could  easily  capitalize  the  initial  high  cost  of  the 
sophisticated  reusable  tooling. 

In  addition  to  the  coil  and  core  fabrication,  the  magnet 
effort  included  the  assembly  of  major  parts,  busses,  interlocks, 
water  fittings  and  hosing,  interlock  tests,  measurement  of 
electrical  parameters,  impulse  and  hipot  tests  of  coils  and  the 
magnets.  Magnetic  measurements  and  the  location  of  magnet 
fiducials  for  survey  and  alignment  are  included  in  the 
construction  costs.  Not  included  in  the  costs  are  engineering 
and  design  efforts  and  the  detailed  design  and  drafting  of 
magnet  components,  assemblies  and  tooling.  In  addition,  the 
cost  of  documenting  fiducial  data  and  summarizing  the  results 
of  magnetic  measurements  and  other  tests  are  not  included. 

IB.  BOOSTER  MAGNETS 

The  magnet  fabrication  for  the  booster  ring  peaked  during 
fiscal  year  1989.  At  this  time,  the  average  LBL  construction 
fabrication  and  assembly  labor  rates  were  $36.20/hour. 

A.  Booster  Dipole 

This  magnet  has  a  curved  core  which  follows  the  beam 
orbit.  The  curved  geometry  minimizes  the  stored  energy,  to 
reduce  the  power  supply  requirements  for  the  pulsed  operation. 
The  coil  design  includes  substantial  insulation  to  ground  for 
the  high  voltage  operation  at  a  future  potential  10  Hertz 
operation. 

'  *  Prototype  Cost  109.6  K$ 

Production  Cost  567.2  K$ 

Tooling  Cost  102.5  K$ 

Number  of  production  magnets  24+1  spare  =  25 
Core  Weight  3940  lbs 

Coil  Weight  370  lbs 

Magnet  Weight  4310  lbs 

B.  Booster  Quadrupole 

Two  different  lengths  of  this  magnet  were  required. 
Prototype  Cost  83.0  K$ 

Production  Cost  464.5  K$ 

Tooling  Cost  160.1  K$ 

Number  of  production  magnets  2X(16+1  spare)=34 
Core  Weight  860  and  540  lbs 

Coil  Weight  65  and  50  lbs 

Magnet  Weight  925  and  590  lbs 
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C.  Bootoer  Sextupole 

The  coils  for  this  magnet  were  wound  from  solid  conductor. 
Prototype  Cost  13.5  K$ 

Production  Cost  137.0  KJ 

Tooling  Cost  96.3  KS 

Number  of  production  magnets  20+  1  spare  *21 

Coro  Weight  114  lbs 

Coil  Weight  18  lbs 

Magnet  Weight  132  lbs 

IV.  STORAGE  RING  MAGNETS 

The  magnet  fabrication  for  the  storage  ring  peaked  during 
fiscal  year  1990.  At  this  time,  the  average  LBL  construction 
fabrication  and  assembly  labor  rates  were  $38.55/hour.  The 
unit  production  cost  for  the  storage  ring  magnets  reflects  the 
increased  costs  due  to  inflation  and  the  increased  complexity 
of  the  magnets  fabricated  for  the  storage  ring.  In  general,  the 
field  quality  and  reproducibility  requirements  for  the  storage 
ring  magnets  were  more  demanding  than  the  specifications  for 
the  booster  magnets.  In  addition,  the  requirement  for 
providing  photon  beam  clearance  and  the  difficulty  in 
installing  magnets  along  a  mote  congested  lattice  than  the 
booster  ring  resulted  in  substantially  mote  demanding  designs. 
The  higher  unit  costs  for  the  storage  ring  magnets  due  to  these 
inflating  forces  was  offset  by  the  experience  gained  in 
manufacturing  the  booster  magnets. 

A.  Storage  Ring  Dipole 

The  storage  ring  dipole  magnet  is  a  gradient  magnet. 
Because  of  the  high  precision  required  for  the  field  quality,  it 
was  decided  to  fabricate  the  core  with  a  one  piece  lamination. 
The  field  quality  requirement  forced  a  wide  pole  and  a  narrow 
throat  in  the  one  piece  yoke  for  the  gradient  geometry.  As  a 
result,  the  coil  design  required  six  thin  pancakes  which  could 
be  installed  in  the  core  through  the  narrow  throat  Magnet 
measurements  were  tedious  and  costly.  Hall  probe 
measurements  were  made  on  a  finely  divided  grid  for  each 
magnet  at  an  equivalent  excitation  at  1.5  GeV  storage  ring 
operation  for  100%  of  the  magnets.  In  addition.  Hall  probe 
maps  were  required  at  excitations  for  storage  ring  operation  at 
1.0  and  1.9  GeV  storage  ring  operation  fra  approximately  20% 
of  the  magnets. 

Prototype  Cost  147.5  K$ 

Production  Cost  1180.6  K$ 

Tooling  Cost  147.3  KS 

Number  of  production  magnets  36+1  spare  =  37 
Core  Weight  6380  lbs 

CoU  Weight  720  lbs 

Magnet  Weight  7100  lbs 

B.  Storage  Ring  Quadruple 

The  storage  ring  quadrupole  design  was  a  "C"  shape  variant 
of  the  booster  quadrupole  design.  Three  different  models 
(lengths)  were  fabricated,  the  QFA,  the  QF  and  QD  families. 
The  QF  and  QD  magnet  families  used  smaller  conductor  than 
used  fra  the  QFA  in  order  to  optimize  the  design  fra  individual 
power  supplies.  The  magnet  measurement  effort  required 
shimming  of  the  two  magnet  halves  in  order  to  reduce  the 
sextupole  error  introduced  by  the  asymmetric  design. 

Prototype  Cost  134.1  KS 

Production  Cost  1054.0  K$ 


Tooting  Cost  179.8  KS 

Number  of  production  magnets  3X(24  +  1  spore)  ■  75 
Core  Weights  2000. 1420  and  750  lbs 

Coil  Weights  120. 120  and  68  lbs 

Magnet  Weights  2120. 1540  and  818  lbs 

C.  Storage  Ring  Sextupole 

This  was  perhaps  the  most  complicated  magnet  design  in 
the  entire  ALS  system.  The  sextupole  had  to  satisfy  four 
functions.  In  addition  to  the  sextupole  windings,  the  magnet 
required  coils  wound  to  produce  vertical  and  horizontal 
steering  as  well  as  a  skew  quadrupole  field  in  the  same  yoke. 
As  a  result,  the  coil  system  included  twelve  separate  coils  with 
eighteen  separate  windings.  Electrical  bussing  needed  to  be 
accomplished  at  both  ends  of  the  magnet  in  order  to 
accomodate  the  electrical  connections  for  the  four  separate 
magnet  functions.  In  addition,  the  core  was  divided  among 
three  segments.  Precision  assembly  and  alignment  of  the  three 
separate  segments  was  demanding  and  costly.  Magnet 
measurements  included  rotating  coil  measurements  to 
determine  the  excitation  and  the  error  multipole  spectrum  fra 
each  magnet  in  all  its  operating  modes;  sextupole,  horizontal 
steering,  vertical  steering  and  skew  quadrupole. 

Prototype  Cost  164.0  KS 

Production  Cost  925.1  KS 

Tooling  Cost  157.7KS 

Number  of  production  magnets  48  +  1  spare  =  49 

Core  Weight  980  lbs 

Coil  Weight  120  lbs 

Magnet  Weight  1100  lbs 

V.  DETAILED  BREAKDOWNS 

Limitations  were  enforced  in  the  level  to  which  accounting 
information  could  be  broken  down  in  this  extremely  large  and 
complex  construction  project.  Thus  cost  distinctions  among 
the  coil  fabrication,  core  fabrication,  assembly  and  magnet 
testing  efforts  were  not  available  in  the  accounting  structure. 
Countless  job  and  purchase  orders  wore  issued  for  the 
fabrication  of  each  magnet  type.  It  is  possible,  after  very 
tedious  and  time  consuming  effort,  to  obtain  costs  for  orders  in 
each  one  of  the  major  effort  categories  for  the  fabrication  of 
magnets  and  add  them  up  in  order  to  get  the  actual  costs  of 
these  categories.  However,  it  is  felt  that  a  reasonably  accurate 
division  of  the  various  effort  categories  could  be  obtained  by 
looking  at  the  updated  cost  estimates  which  were  required 
periodically  throughout  the  project.  In  particular,  the  cost 
estimate  after  the  evaluation  of  the  prototype  and  before  the 
expenditure  of  the  production  budget  would  be  a  fairly 
accurate  projection  as  to  the  relative  costs  among  the  various 
effort  categories.  At  the  end  of  the  prototype  effort,  a  fairly 
accurate  picture  of  the  fabrication  effort  as  well  as  the 
assembly  and  scope  of  the  required  magnet  measurement  effort 
is  available. 


Magnet 

Core 

CoU 

Assy/Test 

Storage  Ring  Dipole 

35% 

39% 

25% 

Storage  Ring  Quadrupole 

41% 

25% 

34% 

Storage  Ring  Sextupole 

32% 

40% 

28% 

Average  (To  be  applied  to 

36% 

35% 

29% 

the  Booster  Magnets) 

Applying  these  numbers  to  the  actual  expenditures  fra  all 
the  production  magnets,  one  can  develop  an  approximate  unit 
cost  fra  the  coils  and  cores  related  to  coil  and  core  weights. 
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Nbgnet 

12220 

Production  Cost 

KzctuBII 

Booster  Dipole 

25 

S567.1& 

$22,687 

3940 

370 

Booster  Qumhrupote 

34 

$464,511 

$13,662 

700 

58 

Booster  Sextupote 

21 

$137,026 

$6325 

114 

18 

Storage  Ring  Dipole 

37 

$1,180,604 

$31,906 

7100 

6380 

720 

Storage  Ring  Quadnipoie 

75 

$1,054,032 

$14,054 

1493 

1390 

103 

Stonge  Ring  Sextupote 

49 

$925,096 

$18,880 

1100 

980 

120 

Magnet 

No.  of 
Core 
Segments 

No.  of 
Coils 

Total 
Core  Cost 

Total  Coil 
Cost 

Core 
Segment 
WL  (lbs) 

Individual 

CoUWl 

Qbs) 

Unit  Core 
Cost 
($/lb) 

Unit  Coil 
Cost 

mb) 

nu 

Booster  Dipole 

■E 

$204,179 

$198308 

1970 

mm3 

$2.07 

$21.46 

$6379 

Booster  Quad 

mm 

$167,224 

$162379 

350 

-mm 

$7.03 

$83.16 

$3,962 

Booster  Sex 

$49329 

$47,959 

57 

$20.61 

$126.88 

$1392 

Storage  Ring  Dipole 

1 

■•d(| 

$413311 

$460,436 

6380 

.  ■ 

$1.75 

$17.28 

$8396 

Storage  Ring  Quad 

2 

$432,153 

$263308 

695 

•3<j t 

$4.15 

$34.22 

$4,778 

Storage  Ring  Sex 

3 

HE! 

$296,031 

$370,038 

327 

mmb 

$6.16 

$62.93 

$5386 

Unit  Costs  of  Core  and  Coil 


o 

o 


1000 


£  100 
StoraJ 


1000 


10000 


VL  SUMMARY 


Weight  (lbs) 
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Automatic  Bench  for  Precise  Magnetic  Measurements  of  Linac 

Multipole  Focusing  Elements 


V.S. Skachkov,  M.A.Kozchekin,  R-P.Koujbida,  V.LLulevich,  A.  V. Selin,  O.S. Sergeeva 
Institute  for  Theoretical  and  Experimental  Physics 
Moscow  tRusia 


Abstract 

Automatic  Hall- type  magnetometer  for  magnetic  measure¬ 
ments  of  focusing  channel  elements  with  arbitrary  field 
configuration  is  described.  Hall  probe  housing  supported 
around  periphery  provides  3D  precise  movement  in  75%  of 
aperture  space.  The  measurement  technique  and  mathe¬ 
matical  treatment  developed  to  create  the  spatial  model  of 
the  field  are  given.  The  magnetometer  ensures  the  accura¬ 
cy  0.3%  of  maximum  field  value  in  a  whole  magnet  working 
space.  Measurement  runs  for  quadrupole  lenses  of  ISTRA 
linac  focusing  channel  are  presented. 


1  MAGNETOMETER  PARAMETERS 

The  experience  of  focusing  channels  development  for  lin¬ 
ear  accelerators  with  given  kind  of  charged  particles  shows 
preferable  permanent  magnet  quadrupoles  (PMQ)  [1,2]. 
Such  magnets  require  to  be  careful  on  a  manufacturing 
stage  to  ensure  tolerances  because  of  wide  initial  spread 
(s i  20%)  of  its  magnetization  like  both  piece- to- piece  difier- 


Table  1:  PMQ  main  parameters  for  ISTRA  accelerator. 


N 

Parameter 

1  tank 

2  tank 

DT 

1+33 

DT 

1+33 

DT 

35+54 

1. 

Aperture,  2r0, 
mm 

lg+0.01 

lg+o.oi 

13+o.ui 

2. 

Lens  length,  lieu, 
mm 

60 

100 

160 

Top  field,  Bm,  T 

0.50-0.54 

0.29 

0.22 

4. 

Gradient,  G0, 
T/m _ 

56-60 

32 

24 

Tbl 

erances  on 

5. 

Gradient,  % 

±0.5 

6. 

Magnet  axis  dis¬ 
placement,  mm 

0.030 

7. 

A 

Mr*=0.TBr»  *  % 

0.7 

8. 

4 

3 

9. 

Median 

displacement 

±30>  ” 

cnees  and  within  volume  limits  of  each  magnet  element.The 
main  parameters  of  PMQ  for  ISTRA  proton  linac  are 
shown  in  the  Table  1.  The  tolerances  given  can  be  con¬ 
sidered  typical  for  such  kind  of  machine. 
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2  MATHEMATICAL  APPARATUS 

We  describe  the  Add  §(r,  s)  in  a  multipole  lens  work¬ 
ing  space  by  a  scalar  potential  function  U:  B  *=  —  gradU, 
which  satisfies  Laplace’s  equation  in  dosed  volume  limited 
by  cylindrical  ^surface.  The  solution  of  this  equation  and 
hence  a  field  B  can  be  written  in  terms  of  Fourier- Bessel 
series  with  coefficients  depending  on  boundary  conditions. 

According  to  our  technique  the  longitudinal  size  lm  of 
cylinder  where  the  field  is  measured  must  be  chosen  to 
be  long  so  much  that  the  field  value  on  both  sides  (a  = 
±0.5  *lm)  of  cylinder  is  less  than  required  accuracy  (Pig.l)> 
In  this  case  all  three  spatial  components  of  the  field  can 
be  calculated  in  each  internal  point  if  we  measure  only  the 
radial  component  on  cylinder  surface.  In  practice  la,  is 
greater  than  geometric  lens  length  li,u  by  approximately 
2a.  To  meet  the  homogeneous  conditions  on  sides  we  cut 
out  measured  data  lower  accuracy  level  (Fig.2)  and  join 
a  pieces  of  some  simple  curve  (parabola  or  some  other) 
following  down  to  aero  at  So  (on  the  left  side)  and  Zc  (on 
the  right  side)  instead  of  infinite  long  actual  tail  with  very 
small  field  value.  The  piece  1  m  a*  —  Zo  is  the  length  of  a 


B,  T 


Figure  1:  Choice  of  field  expansion  length.  Bt(z)  -  field 
radial  component  in  a  PMQ  pole  plane  at  r  =  const. 


field  expansion  into  double  Fourier- Bessel  series. 

Representing  measured  field  distribution  BJ(r,  z)  on 
the  cylinder  surface  r  =  r*  by  corresponding  series  and  on 
the  base  of  equality 


B?(r*,p,a)  =  £  SRM(r*)x 


kal  n=0 


X  (Xk^i  COS  Wf  +  sin  ny )  sin  ,  (1) 
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In  onr  cue  it  It 


Figure  2:  Tail  joining.  Pointa  -  experimental  Br  data, 
curves  -  approximating  lines. 


kmj  u=0 


x  (Ak,«  cos  np  +  Ak,.  sin  np)  sin  ^  ^ ,  (2) 

and  defines  the  complete  distribution  of  tke  moltipole  lens 
field  B(r,  <fi,  a)  in  the  whole  working  apace. 


3  MAGNETOMETER 

The  3D  movement  of  Hall  probe  is  carried  out  by  automat¬ 
ical  power- driven  system  which  operates  in  correspondence 
with  control  program  from  computer  (Fig.3).  Analog  sig¬ 
nal  from  Hall  probe  through  amplifier  and  analog-  digit 


Figure  3:  Block  diagram  of  magnetometer. 


Table  2:  Instrument  parameters 


N 

Parameter 

Coordinate 

R 

9 

z 

D 

Movement  range 

7  mm 

W-!U 

300  mm 

H 

Instrument 

discreteness 

10/iin 

mi 

15/un 

1 

Speed  max 

KfjTiTH 

l-T'll/l 

1TBW.W/1 

mam 

KlifW.'.lf 

4. 

Hall  probe  hous¬ 
ing  OD 

18  mm 

where 


Rk.n(r) 


Ml a(=^)/ 


h(^) 


we  determine  coefficients  Ai-,  At  ,,  of  scalar  potential  U. 


(1024  bit)  block  comes  to  PC  hard  disk.  When  measure¬ 
ment  cycle  is  completed  all  information  from  PC  memory  is 
directed  to  Micro  VAX  computer  where  the  mathematical 
treatment  is  fulfilled. 

The  main  unit  of  magnetometer  is  shown  in  Pig.4;  its 
main  parameters  are  given  in  Table  2. 

A  multipole  lens  Is  fixed  in  the  lelt-side  support  in  such 


Figure  4;  The  main  unit  of  automatic  bench  for  multipole  lens  measurements. 
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Figure  5:  Gradient  distribution  in  25  mm  long  rod- type 
Sm-Co  PMQ  for  ISTRA  accelerator.  1  -  calculated  val¬ 
ues  (points)  from  experimental  data,  2  •  theory  depen- 
dance,  3  -  curve  of  difference  (*100).  r.m.s.  deviations 
5.4  •  10"*(0.02%). 


-20  -10  0  10  20  30 


Z,  mm 

Figure  6:  Magnetic  axis  displacement  from  geometrical  ax¬ 
is.  1  -  deviation  along  x-axis,  2  -  deviation  along  y-axis,  3 
total  deviation. 

of  field  distribution  on  the  other. 

The  total  error  of  absolute  measurements  does  not  ex¬ 
ceed  ±0.3%  of  maximum  field  value.  It  contains  in  general 
digital  transformation  uncertainty  being  ±1  bit. 


a  way  that  its  longitudinal  axis  coincide  with  axis  of  two 
coupling  holes  by  ground  finger  with  accuracy  10/un.  The 
Hall  probe  is  mounted  inside  the  long  rod  of  18  mm  OD 
70  mm  far  from  its  left  end  and  is  oriented  with  its  normal 
along  radial  direction.  In  the  right  side  one  can  see  the 
movement  system  with  position  pickups  and  the  Hall  signal 
preamplifier  box. 

Tha  measurement  procedure  runs  in  following  sequence 

#  Instrument  calibration. 

•  Routine  loading  into  PC  memory. 

*  Field  sampling  in  points  of  cylindrical  surface. 

s  Data  processing  and  producing  of  main  result. 

s  Checking  the  lens  measured  for  quality. 

On  the  instrument  calibration  stage  the  special  dipole 
magnet  with  homogeneous  field  and  NRM  device  are  used. 
Within  0.3T  range  of  field  values  it  is  possible  to  substitute 
the  real  voltage-field  Hall  probe  dependence  by  linearised 
one  due  to  small  deviation  of  0.5  mT  (r.m.s.).  In  the  case  of 
wider  field  range  the  program  simulated  regime  of  voltage- 
field  conversion  is  provided  in  accord  with  real  dependence. 

Before  measurements  the  necessary  sensitivity  is  cho¬ 
sen  by  appropriate  selection  of  attenuation  factor  in  ampli¬ 
fier  channel  to  match  the  maximum  leading  of  analog-digit 
transformation  range  at  maximum  field  value  in  a  lens  to 
be  measured. 

The  total  running  time  depends  on  number  of  points 
where  the  field  is  measured.  It  is  usually  15  minutes  and 
is  provided  due  to  short  time  response  (25/m)  through  Hall 
probe  signal  channel.  During  that  period  the  information 
in  about  10*  points  on  cylinder  surface  is  accumulated.  It 
gives  a  possibility  to  fulfil  a  statistical  treatment  of  acciden¬ 
tal  errors  on  one  hand  and  to  provide  a  detail  description 


4  APPLICATION 

The  described  magnet  measurement  complex  was  used  as 
a  bench  during  manufacturing  of  focusing  channel  for  IS¬ 
TRA  accelerator.  It  provided  both  to  eliminate  errors  in 
magnetisation  distribution  and  to  carry  out  computer  sim¬ 
ulation  of  beam  dynamics.  But  probable  applications  of 
that  device  are  much  more  wider.  It  can  be  used  for  mag¬ 
nets  with  arbitrary  field  configuration  as  well  as  for  precise 
field  tuning  when  observation  of  continuous  field  changes 
is  desirable.  The  developed  method  of  spatial  modeling 
gives  a  possibility  to  determine  all  required  performance 
characteristics  from  spatial  harmonics  spectral  description 
to  integral  distributions  of  a  field.  On  Fig.5  and  Fig.6  the 
longitudinal  distribution  of  gradient  and  magnetic  axis  dis¬ 
placement  for  short  PMQ  are  given  respectively.  It  shows 
a  possibility  to  detect  and  localise  significant  imperfections 
at  low  level  of  values. 
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Measurements  of  Loma  Linda  Proton  Therapy  Gantry  Dipoles 


Henry  D.  Glass,  Peter  0.  Mazur,  James  W.  Sim 
Fermi  National  Accelerator  Laboratory* 

P.0.  Box  500,  Batavia,  IL  60510 


Abstract 

We  describe  the  procedures  used  by  the  Fermil&b  Mag¬ 
net  Test  Facility  (MTF)  to  perform  tests  of  dipoles  to  be 
installed  in  the  beam  lines  of  the  Loma  Linda  University 
Medical  Center  Proton  Therapy  Facility.  The  dipoles  were 
manufactured  in  two  styles,  one  style  having  a  45°  bend¬ 
ing  angle  and  the  other  a  135°  bending  angle.  The  tests 
included  magnetic  field  measurements  using  a  Hall  probe 
and  the  measurement  of  coil  temperatures,  voltages,  and 
water  flow  rates.  The  probe  was  mounted  on  a  movable 
cart  which  could  be  wheeled  along  the  magnet  beam  pipe; 
we  mounted  extensions  onto  each  end  of  the  beam  pipe  to 
allow  for  the  probe  to  measure  the  magnet  end  fields.  The 
probe  was  also  mounted  at  varying  transverse  positions 
on  the  cart  to  allow  for  field  shape  measurements,  from 
which  body  quadrupole  and  sextupole  coefficients  were  de¬ 
termined.  A  longitudinal  sampling  of  the  field  down  the 
entire  length  of  the  magnet  allowed  us  to  measure  the  total 
integrated  field  of  each  magnet.  Hall  probe  measurements 
were  controlled  by  a  C  program  running  on  a  Unix  work¬ 
station. 


I.  Introduction 

This  report  describes  the  procedures  used  by  the  Fermilab 
Magnet  Test  Facility  to  perform  tests  of  the  Loma  Linda 
gantry  dipole  magnets,  and  also  to  present  the  measure¬ 
ment  results.  The  dipoles  consisted  of  two  classes,  a  45° 
class  (of  which  there  are  two  styles  called  Type  1  and  Type 
2),  and  a  135°  class.  The  tests  included  magnetic  field 
measurements  with  a  single  Hall  probe  and  some  auxiliary 
measurements  of  coil  temperatures,  voltages,  and  water 
flow  rates. 


'Operated  by  Universitie*  Research  Association  under  contract 
with  the  United  States  Department  of  Energy 
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II.  Measurement  Apparatus 

Each  magnet  was  mounted  on  MTF  Test  Stand  C  and 
powered  by  two  PEI  power  supplies  connected  in  paral¬ 
lel.  Magnet  current  was  measured  by  a  Holec  transductor 
and  read  out  by  a  digital  voltmeter.  The  Low  Conductiv¬ 
ity  Water  (LCW)  system  provided  cooling  at  a  nominal 
26.5  liters/minute  flow  rate.  Thermocouples  attached  to 
the  supply  and  return  monitored  coil  temperatures.  The 
Hall  Probe  was  read  out  by  a  Digital  Teslameter  (Group-3 
Corp.  Model  DTM-141),  which  featured  a  digital  display 
and  a  GPIB  interface  for  computer  readout. 

The  probe  was  mounted  on  a  wheeled  cart  which  was 
positioned  longitudinally  by  rolling  inside  the  magnet's 
beam  tube.  Stainless  steel  extension  tubes,  having  the 
same  cross  section  as  the  beam  tube  (5.08  cm  x  2.54  cm), 
were  attached  to  each  end  of  the  magnet  to  allow  the  cart- 
mounted  probe  to  measure  the  magnet’s  end  fields.  The 
far  end  of  the  extension  tube  on  each  end  extended  54.0 
cm  beyond  the  plane  of  the  first  lamination. 

A  cloth  tape  measure  was  attached  to  the  cart  and  ran 
along  the  inner  radius  of  the  beam  tube  and  out  the  lead 
end  of  the  magnet.  The  longitudinal  (s)  position  was  mea- 
sured  by  reading  the  tape  measure  at  the  end  of  the  exten¬ 
sion  tube.  Transverse  (x)  position  was  defined  to  be  sero 
at  the  center  of  the  beam  tube,  and  to  increase  toward 
the  convex  side  of  the  magnet.  Different  probe  x-positions 
were  obtained  by  using  screws  to  mount  the  probe  at  the 
desired  position  on  the  cart.  Mounting  holes  were  drilled 
allowing  x-positions  of  0.,  ±6.35  mm,  and  ±12.7  mm. 

Figure  1  displays  a  conceptual  topview  of  a  Loma  Linda 
magnet  as  it  was  mounted  on  the  test  stand.  The  figure 
shows  the  coordinate  system  used. 

III.  Measurement  Procedures 

Magnetic  field  measurements  were  controlled  using  the 
ptaean  (version  1.22)  program,  which  was  developed  at 
MTF  for  controlling  Hall  and  NMR  measurements  of  Main 
Iqjector  magnets.  This  program,  which  runs  on  a  Unix 
workstation,  operates  by  reading  a  set  of  commands  con¬ 
tained  in  a  file  called  a  ‘checklist.’  The  checklist  contains 
all  of  the  commands  needed  to  perform  the  measurement 
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IV.  Measurement  Results 


Figure  1:  Top  view  of  a  typical  Loma  Linda  gantry  dipole. 
The  z  origin  is  at  the  end  of  the  Lead  End  extension  tube. 

sequence.  The  pUcan  program,  as  it  executed  the  check* 
lists,  instructed  the  measurement  technician  to  manually 
position  the  probe.  Magnet  current  was  set  under  com¬ 
puter  control,  and  was  digitally  displayed  on  the  work¬ 
station  screen.  The  probe  position  was  entered  manually 
by  the  measurer,  while  magnet  current  and  probe  read¬ 
ing  were  obtained  by  reading  GPIB  instruments.  All  data 
were  then  recorded  to  a  data  file.  All  current  ramps  were 
executed  sufficiently  slowly  (100  A/s  typically)  to  avoid 
overshoot.  In  each  of  the  checklists  indicated  below,  we 
first  measured  the  probe  offset  by  placing  the  probe  in¬ 
side  a  mu  metal  shield.  This  offset  was  automatically  sub¬ 
tracted  from  the  data  by  the  readout  device.  Prior  to 
taking  field  measurements,  one  or  more  hysteresis  ramps 
were  executed. 

A.  Checklists 

1.  Central  Field  Measurement:  Position  probe  in  magnet 
center;  loop  from  1=0  to  1=3100  A  in  100  A  steps;  then 
loop  from  1=3100  A  to  0  in  —100  A  steps. 

2.  Body  Field  Measurement:  Loop  from  1=0  to  1=2500 
in  500  A  steps;  then  from  2600  to  3100  in  100  A  steps. 
Measure  at  3  different  longitudinal  positions. 

3.  End  Field  Measurements:  measure  longitudinal  pro¬ 
file  of  each  end  at  12.7  mm  intervals.  Do  at  2000  A 
and  3100  A. 

4.  Off-Axis  Measurements:  At  three  different  longitudi¬ 
nal  positions  in  body,  measure  field  at  x  =  ±12.7  mm, 
±6.35  mm,  and  0.  Do  at  2000  A  and  3100  A. 

5.  Longitudinal  Scan:  Measure  longitudinal  variation  of 
field  inside  body  of  magnet  in  2.54  cm  steps  (for  45° 
magnets)  or  5.08  cm  steps  (for  135°  magnets).  Do  at 
2000  A  and  3100  A. 

6.  Water  Temperature,  Coil  Voltage,  Flow  Ratr  ecord 
these  quantities  as  a  function  of  current  from  0  to  3000 
A  in  500  A  steps. 


The  data  for  each  magnet  are  reported  in  [1].  The  data 
report  includes  a  tabular  listing  of  the  measurements  from 
each  checklist,  a  set  of  graphs,  and  a  list  of  calculated  re¬ 
sults  (field  integral  and  harmonics).  The  tabular  listings  of 
magnetic  measurements  include:  z  and  z  positions,  trans¬ 
ducer  voltage;  magnet  current,  B  field  reading  from  Hall 
probe,  and  time  from  beginning  of  measurement  sequence. 
Listings  of  nonmagnetic  measurements  included  the  coil 
voltage,  water  supply  and  return  temperatures  (thermo¬ 
couple  readout),  the  LCW  flow  rate,  and  the  water  supply 
and  return  pressures. 

A.  Field  Integral  Calculation 

The  quantity  /  Bdl  was  calculated  by  combining  the  data 
for  the  end  fields  and  the  longitudinal  scan.  This  calcula¬ 
tion  was  performed  by  the  following  method: 

1.  A  radius  of  curvature  correction  was  made  to  the  s- 
position  measurement.  As  listed  in  the  data  tables,  s 
is  the  tape  measure  reading  along  the  inside  radius  of 
the  beam  tube.  To  find  s  along  the  center  of  the  beam 
tube,  we  calculated 

R 

Zcnfr  -  *t.p«  •  R_  wf2 

where  R  is  the  beam  tube  radius  of  curvature  (134.6 
cm)  and  t u  is  the  beam  tube  width  (5.08  cm). 

2.  We  wanted  to  measure  the  field  at  constant  current, 
but  the  power  supply  was  observed  to  fluctuate  and 
drift  over  the  course  of  the  measurement,  and  also  the 
mean  measured  current  was  different  from  the  nominal 
current.  For  each  data  point,  we  calculated  the  field 
at  the  nominal  current  to  from  the  measured  field  at 
current  t  by  applying  the  correction 

B(io)=B(i)  -(<-*>)  (")• 

The  field  derivative  dB/di  was  calculated  from  the 
Central  Field  measurements  and  was  assumed  to  be 
constant  in  z. 

3.  The  corrected  B  fields  were  calculated  from  two  mea¬ 
surement  sets:  in  the  ‘pass  1’  set,  the  probe  sampled 
the  field  as  it  was  moved  towards  increasing  z,  and  in 
the  ‘pass  2’  set  the  probe  moves  toward  decreasing  z. 
We  calculated  the  average  field  at  each  z  and  standard 
deviation  from  these  two  sets. 

4.  We  then  integrated  the  field  over  the  s-range  which  in¬ 
cluded  the  entire  magnet  and  extended  33  cm  beyond 
each  end.  This  was  far  enough  out  so  the  end  field 
had  fallen  below  1%  of  the  body  field.  Integration 
was  performed  using  the  trapezoidal  rule.  The  sta¬ 
tistical  error  in  the  integral  was  calculated  from  the 
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standard  deviations  in  B(x).  A  systematic  scale  error 
of  0.2%  for  the  45*  magnets  was  estimated  from  the 
observation  that  the  cloth  tape  measure  reading  de¬ 
pended  on  the  tension  applied  by  the  measurer.  For 
the  135°  magnets,  we  switched  to  a  fiberglass  tape 
measure,  which  had  an  advantage  of  being  much  less 
vulnerable  to  stretching,  and  for  these  magnets  we  did 
not  list  a  scale  error. 

We  note  that  while  the  Hall  probe,  whose  active  area 
was  about  2.5  mm  x  2.5  mm,  significantly  undersampled 
the  x  variation  of  the  field,  we  believe  the  error  due  to 
undersampling  is  small. 


B.  Harmonics  Calculation 

We  estimated  the  normal  quadrupole  and  sextupole  (6* 
and  &a)  from  the  off-axis  measurements  by  fitting  the  mea¬ 
sured  field  shape  to  a  polynomial.  This  calculation  was 
performed  in  the  following  way: 

1.  A  currant  correction  to  the  B  fields  was  made  using 
the  Central  Field  dB/di  measurement  as  described  in 
the  previous  section. 

2.  At  each  x  position,  the  off-axis  fields  were  normalised 
to  the  fields  at  x  =  0  by  calculating 

0) 

B(0)  ' 

3.  The  normalised  fields  Bm(z)  were  averaged  over  all  s’s 
and  standard  deviations  calculated.  This  was  an  at¬ 
tempt  to  approximate  an  integrated  field  shape;  since 
only  three  x  positions  within  the  body  were  measured, 
this  approximation  is  rather  coarse,  but  the  field  shape 
did  not  vary  substantially  within  the  body. 

4.  The  harmonic  coefficients  were  estimated  by  doing  a 
least  squares  fit  to  a  polynomial 

B»(*)  =  5i*  +  5j*a. 

Only  the  off-axis  points  (z  yt  0.)  were  used  in  the  fit; 
the  z  =  0  data  point  was  accounted  for  by  constrain¬ 
ing  the  fit  to  pass  through  sero. 

The  results  are  reported  in  antis,  where  1  unit  is  defined 
as  104  times  the  relative  strength  of  the  multipole  to  that 
of  the  dipole  at  2.54  cm  radius  from  the  center  of  the  beam 
tube. 


V.  Observations 

In  the  45°  magnets,  the  center  of  each  magnet  in  x  was 
characterised  by  a  dip  in  the  field.  Figure  2  shows  a  typical 
case.  This  corresponds  to  the  point  where  the  two  halves 
of  the  magnet  lamination  packs  are  joined  together.  The 


Figure  2:  Longitudinal  scan  of  a  typical  45°  magnet  at 
2000  A.  The  two  longitudinal  segments  are  joined  at  x  = 
42. 


joining  is  not  as  tight  as  would  be  desired,  and  a  small  gap 
may  be  observed. 

The  longitudinal  behavior  of  the  135°  magnets  is  much 
more  complex.  The  magnets  are  built  from  6  joined  sec¬ 
tions,  plus  endpacks,  and  a  6-fold  structure  is  observable 
in  the  body  s-scans.  At  2000  A,  the  amplitude  of  the  mod¬ 
ulation  in  field  is  about  0  mT  out  of  a  1.332  T  mean,  or 
about  0.5%  fluctuation.  At  3100  A,  the  magnets  are  heav¬ 
ily  saturated,  with  a  typical  sextupole  of  —22  units. 


current,  A 

jBdl,  T-m 

bi,  units 

&a,  units 

2000 

3100 

1.42272 

1.94910 

-3.4  ±0.8 
-1.7  ±1.8 

5.9  ±1.7 
-23.9  ±  3.8 

Table  1:  Field  integral,  bi,  and  for  a  typical  45°  magnet. 
The  field  integral  error  was  ~  5  x  10~4  T-m. 
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Abstract 

The  endfield  Is  often  one  of  the  most  critical  regions  in  con¬ 
ventional  accelerator  magnets.  While  the  magnetic  field 
structure  of  dipole  ends  can  be  complicated,  it  can  be  well 
described  by  a  few  parameters  which  include  the  effective 
magnetic  length,  L*a,  and  the  integrated  harmonics.  Both 
of  these  parameters  can  be  measured  using  a  rigid  coil 
which  measures  /  Bdl  in  the  endfield  region  as  a  function 
of  insertion  depth  s  and  transverse  displacement  s.  We 
employ  a  data  analysis  technique  which  uses  these  mea¬ 
surements  to  remove  body  field  contributions  to  the  end 
field  integral,  resulting  in  the  effective  integrated  endfield 
shape.  A  least  squares  polynomial  fit  is  then  used  to  es¬ 
timate  the  harmonic  coefficients  up  to  decapole.  We  also 
present  the  technique  for  measuring  L^g  as  a  function  of 
magnet  current.  These  measurement  techniques  were  suc¬ 
cessfully  used  in  a  study  to  finalise  the  design  of  the  end- 
packs  for  the  Fermilab  Main  Injector  Dipole.  The  tech¬ 
niques  are  sufficiently  general  to  be  useful  for  other  appli¬ 
cations,  such  as  the  testing  of  the  SSC  Medium  Energy 
Booster  cndpechs. 

I.  Introduction 

We  describe  endfield  measurement  techniques  that  were 
developed  for  studying  various  endpack  designs  for  magnet 
IDM002,  the  2nd  prototype  dipole  for  the  Main  Iqjector[l]. 
The  endpacks  were  measured  using  a  2.032  m  long  rigid 
probe  called  a  Flatcoil.  The  probe  has  24  turns  of  0.254 
mm  diameter  wire  wound  around  an  aluminum  bar  of 
width  0.635  cm.  The  turns  were  spaced  in  a  geometry 
which  minimises  the  sextupole  contribution  of  the  flux,  as 
expanded  about  the  probe  center.  The  total  flux,  summed 
over  all  turns,  is  very  nearly  proportional  to  the  field  in¬ 
tegral  along  a  path  running  down  the  geometrical  center 
of  the  probe.  The  probe  was  mounted  on  a  movable  stand 
which  allowed  us  to  insert  the  probe  to  various  depths  in¬ 
side  the  magnet.  In  the  baseline  mode  of  operation,  the 

*  Operated  fay  Unhrenities  Research  Association  under  contract 
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probe  records  the  difference  in  flux  between  sero  current 
and  current  t. 

By  aligning  the  long  axis  of  the  probe  with  the  longitudi¬ 
nal  (s)  axis  of  the  magnet,  we  easily  recover  the  integrated 
field  over  the  length  of  the  probe: 

where  N  is  the  number  of  turns  and  w  is  the  probe  width; 
St  ansri  sy  are  the  endpoint  coordinates  of  the  probe.  We 
used  a  coordinate  system  where  s  is  sero  at  the  first  lami¬ 
nation  of  the  endpack,  and  is  positive  going  into  the  mag¬ 
net.  This  relation  between  field  integral  and  flux  docs  not 
include  a  correction  for  the  remnant  field. 

We  positioned  the  probe  so  that  st  is  for  outside  the 
magnet,  in  a  region  where  the  field  is  negligible.  One  may 
therefore  approximate  zj  as  bring  equal  to  — oo.  The  inte¬ 
gral  then  becomes  a  function  solely  of  the  endpoint  of  the 
pcobe  that  is  inside  the  magnet. 

For  the  endfield  shape  measurements,  data  were  ac¬ 
quired  using  Flatcoil  probe  in  the  seam  mode,  in  which  the 
magnet  current  is  kept  constant  and  the  probe  scans  hor- 
isontally  across  the  magnet  aperture.  By  positioning  one 
end  of  the  probe  a  depth  *o  inside  the  magnet  (the  other 
end  being  outside  the  magnet),  we  measured  the  field  in¬ 
tegral  as  a  function  of  depth  and  transverse  position. 


II.  Effective  Length 


We  measured  the  field  integral  at  up  to  10  different  cur¬ 
rents  and  over  a  range  of  probe  depths,  0  <  x  <  50.8  cm, 
stepping  every  5.08  cm  in  z.  At  each  position  the  data  ac¬ 
quisition  program  (running  on  a  VAX)  recorded  the  mea¬ 
surements  of  the  current,  the  s  position,  and  the  flux  to 
a  data  file.  The  z  position  was  the  only  quantity  of  the 
measurement  process  under  manual  control,  both  in  terms 
of  positioning  (via  alignment  with  a  steel  ruler  mounted 
on  the  test  stand),  and  recording. 


A.  Measurement  Procedure 
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B.  Effective  Length  Calculation 

The  total  effective  length  for  a  magnet  excited  to  a  speci¬ 
fied  current  i is 


£««(*)  = 


STL  *(',*)# 

Bo(i) 


(1) 


where  Bo  is  the  mean  body  field.  The  total  integral  may 
be  measured  using  a  probe  which  extends  the  entire  length 
of  the  magnet,  and  Bo  may  be  measured  by  a  probe  which 
samples  only  the  body  field.  In  a  high  quality  dipole, 
the  body  field  is  very  uniform,  only  falling  off  as  one  ap¬ 
proaches  close  to  the  ends.  With  this  observation  in  mind, 
we  can  re-express  Eq.  1  in  terms  of  the  steel  length,  L, , 
and  a  quantity  L..a  which  we  call  the  end  effective  length: 


£*r(t)  =  L,  +  2L^(t)  (2) 


which  we  attribute  to  the  combined  influence  of  noise  plus 
s  positioning  errors.  The  error  due  to  z  positioning  alone 
is  then  estimated  from  these  data  to  be  0.18  mm.  Aver¬ 
aging  the  results  of  this  procedure  at  selected  z  positions 
gave  0.13mm,  which  led  to  a  systematic  error  in  Z.— <  of 
0.37  mm. 

Some  end  packs  were  measured  more  than  once,  usually 
to  determine  measurement  repeatability  or  to  understand 
the  effect  of  varying  some  of  the  measurement  conditions. 
A  test  of  the  long-term  repeatability  of  these  measurements 
was  done  by  comparing  measurements  of  Endpack  1  taken 
one  year  apart.  During  this  interval,  not  only  had  the 
endpack  been  removed  and  subsequently  remounted,  but 
the  magnet  itself  had  been  removed  from  the  test  stand 
for  a  period  of  time.  The  agreement  between  the  two  data 
sets  is  very  good,  beng  typically  0.2  mm  at  most  currents. 


The  factor  of  2  is  present  because  of  our  definition  that 
is  the  effective  length  of  each  end  of  the  magnet. 

We  used  a  measurement  procedure  which  measures  La j 
using  the  2.03  m  probe.  If  the  probe  is  inserted  a  distance 
z  into  the  magnet,  then  the  quantity 

40  =  ^-*  (3) 

should  become  constant  and  approach  £n a  as  z  becomes 
larger.  The  body  field,  Bo,  is  determined  by  performing  a 
linear  fit  to  J(s).  The  slope  is  identified  as  the  mean  body 
field  in  the  region  JWn  <  z  <  Zm am  over  which  the  fit  is 
made. 

The  relative  effective  length  describes  the  change  in  L _ _ 

with  current  and  can  be  determined  by  choosing  a  reference 
current,  «o,  and  using  Eq.  3  to  obtain 

(4> 

The  average  of  A/(t,  z)  for  z  >  Zmin  is  used  as  the  value 
of  A One  may  see  from  Eq.  4  that  this  quantity  is 
insensitive  to  positioning  errors  in  s,  a  dominant  source  of 
systematic  errors. 

Using  the  procedure  described  above  we  calculated 
Bad (*)  and  A L~a(i)  for  each  endpack.  The  results  are 
presented  in  [2]. 

C.  Error  estimates 

A  set  of  measurements  was  taken  in  order  to  understand 
the  contribution  of  z  positioning  errors  to  the  total  error 
in  the  flux.  First,  we  took  four  runs  at  1500  A  with  the 
probe  fixed  at  z  =  50.8  cm.  These  runs  produced  a  stan¬ 
dard  deviation  of  the  flux  equal  to  cr*/$  =  1.6x  10-8.  This 
error  was  identified  as  being  due  to  a  combination  of  elec¬ 
tronic  readout  noise  and  accuracy  in  magnet  current  read¬ 
out.  Another  four  runs  were  then  taken,  in  which  the  probe 
was  removed  and  then  repositioned  at  z  =  50.8  cm  prior 
to  each  run.  In  this  case  we  obtained  <r*/$  =  3.6  x  10-4, 


III.  Field  Shape  Measurements 

This  section  describes  how  the  endfield  harmonics  were 
estimated  from  measurements  of  J(x,  so).  At  each  selected 
current  we  measured  J(x, »)  ova  the  longitudinal  range 
0  <  z  <  50.8  cm  in  5.08  cm  steps.  At  each  z  position  we 
scanned  transversely  from  —6.35cm  <  x  <  +6.35  cm  in 
0.254  cm  steps.  Four  scans  were  made  at  each  s,  and  for 
each  x  position  we  recorded  the  average  of  the  four  scans 
and  the  standard  deviation  in  the  data  file.  We  inserted 
the  probe  at  an  angle  of  0.6°  with  respect  to  the  lamination 
face,  which  coincides  with  the  beam  direction. 


A.  Body  field  /  End  field  separation 

The  first  step  in  the  data  analysis  was  to  separate  the  com¬ 
ponent  of  the  flux  that  is  attributable  to  the  end  field  from 
the  body  field.  For  probe  positions  z  >  z— where  z— i. 
is  the  location  inside  the  magnet  beyond  which  end  effects 
are  unimportant,  we  can  make  a  linear  approximation  to 
the  field  integral  as  a  function  of  z: 

J(*,z)  =  a(*)+/9(*)z  (5) 


The  function  (3(x)  can  be  identified  as  the  body  field  shape, 
B(x).  We  can  identify  a(x)  as  the  effective  end  field  inte¬ 
gral: 


/tni 

i 

00 


B(x, z)dz 


(6) 


That  is,  it  is  the  field  integral  over  some  region  containing 
the  end  of  the  magnet,  with  the  body  contribution  sub¬ 
tracted.  Note  that  we  do  not  specify  precisely  what  the 
upper  limit  on  this  integral  is,  nor  do  we  need  to,  as  long  as 
the  probe  integrates  over  a  region  at  least  as  large  as  any  re¬ 
gion  in  which  end  effects  are  important.  This  is  equivalent 
to  choosing  z^  large  enough  so  that  B(zmin)  contains 
only  body  field.  For  this  an  -  ’  -  we  chose  Zmin  =  25.4 

cm.  The  error  estimated  foi  (*,z)  was  determined 

from  the  measured  standard  tion  in  the  flux  and  an 
estimate  of  the  z  positioning  error. 
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B.  Endfield  shapes 

Figure  1  show*  a  •uperimpoeed  view  of  all  Endpack  field 
shapes  at  1500  A.  The  field  shapes  are  the  endfield  integrals 
of  Eq.  6  normalised  by  the  quantity  BqL  and  multiplied  by 
104.  The  endfield  shapes  are  observed  to  be  approximately 
independent  of  current.  The  distinct  two-hump  shape  seen 
in  many  of  the  endfields  can  be  parameterised  by  a  large 
positive  sextupole  combined  with  a  weaker  negative  de- 
capole.  The  magnitude  of  the  sextupole  is  correlated  with 
the  sise  of  the  noses  on  the  endpacks.  Endpack  10  is  seen 
to  have  the  most  desirable  shape,  in  that  its  deviation  from 
sero  is  smaller  than  any  of  the  others. 
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Figure  1:  Integrated  field  shapes  for  all  endpacks. 


The  fit  parameters  Jn  in  Eq.  7  are  identified  as  the  in¬ 
tegrated  normal  harmonics  over  the  end  region.  We  chose 
to  report  results  in  toms  of  normalised  harmonica,  where 
the  normalisation  is  relative  to  the  body  dipole  integrated 
over  the  length  of  the  magnet: 


(•) 


The  value  to  choose  for  p  and  the  region  in  z  over  which 
to  perform  the  fit  were  chosen  experimentally.  Strictly 
speaking,  one  may  not  perform  a  harmonic  fit  over  a  re¬ 
gion  larger  than  a  circle  that  just  fits  within  the  magnet 
aperture.  Inside  the  body  of  the  Main  Iqjector  magnet, 
the  vertical  aperture  is  5.08  cm  and  the  horisontal  aper¬ 
ture  is  wide  open.  Body  field  shapes  are  theoretically  con¬ 
strained  to  be  fitted  over  regions  Zmin  <  *  <  zmma  such 
that  Smu  —  Xmin  <  5.08  cm.  Note  that  we  are  only  con¬ 
sidering  regions  that  are  centered  vertically  (y  =  0),  and 
therefore  skew  harmonics  can  be  neglected.  At  the  ends, 
however,  the  vertical  aperture  opens  up  as  a  function  of 
s,  and  the  formal  constraints  on  the  fit  region  become  less 
severe.  We  chose  to  fit  over  the  region  \x\  <  5.08  cm.  With 
regard  to  the  proper  choice  of  p,  we  note  that  for  dipoles 
one  may  expect  important  decapole  contributions,  which 
suggests  choosing  p  at  least  as  large  as  4;  the  next  "al¬ 
lowed*  harmonic  after  decapole  is  14-pole,  corresponding 
to  p  =  6.  We  tried  both  4  and  6;  the  fit  to  Endpack  10 
indicates  a  need  to  use  p  =  6  to  achieve  a  good  fit  at  the 
higher  currents.  The  results  are  reported  in  [3]. 
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C.  Estimation  of  normal  harmonics 

We  obtain  the  normal  harmonics  by  fitting  the  function 
a(z),  obtained  from  Eq.  5  to  a  polynomial: 

«(*)  =  £  •*»*"  (7) 

n=0 


Prior  to  performing  the  fit,  the  dipole  term,  a(0)  is  sub¬ 
tracted  from  a(z);  this  defines  an  endfield  shape  function, 
s(z)  =  a(z)— o(0).  In  subtracting  this  constant  from  a(z), 
we  also  remove  the  systematic  error  due  to  the  probe  z  po¬ 
sitioning  error,  since  this  source  of  error  is  the  same  for 
all  values  of  z.  We  note  that  there  is  a  simple  relation 
between  the  effective  length  due  to  the  endfield  and  this 
dipole  term[2]: 


L'ff  = 


o(0) 

m 


(») 
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1.  INTRODUCTION 

The  LEB  machine  includes  six  kinds  of 
laminated  magnets  and  4  kinds  of  laminations. 
The  main  quadrupole  magnet  and  low  field  and 
high  field  corrector  quadrupoles  use  the  same 
lamination  shape.  The  chromaticity  sextupole, 
corrector  dipole,  and  main  dipole  have  different 
lamination  designs.  To  test  the  physical  design  and 
production  procedure  for  the  magnets,  it  is  necessary 
to  build  2  or  3  prototypes  for  each  kind  of  magnet 

The  ZVI  plant  in  Moscow,  manufactured  all  4 
kinds  of  lamination  punching  dies  for  the  LEB 
magnets.  Each  die  takes  3  to  5  months  to  fabricate. 
SSCL  manufactured  laser  cut  laminated  magnet 
prototypes  in  the  SSC  shop  at  the  same  time. 

Since  the  LEB  cycles  at  10  Hz,  the  high 
frequency  current  and  laminated  end  plate  design 
causes  a  delamination  problem  on  the  magnet  end. 
This  problem  is  of  concern  and  will  be  addressed. 

II.  LASER  CUT  LAMINATION 

A.  Quality  of  the  laser  Cut  Lamination 

To  speed  up  prototype  production  and  in  order  to 
offer  some  magnetic  field  information  to  the 
Russian  collaborators;  the  SSC  shop  used  laser  cut 
laminations  to  build  the  LEB  magnet  prototypes. 

The  laser  cutting  technique  is  advertised  to  have 
a  very  high  machining  accuracy  of  0.01  mm 
tolerance  over  a  200  mm  length.  But  for  the  5  kinds  of 
laser  cut  laminations,  only  the  main  quadrupole 
laminations  have  reached  the  +/-  0.0125  mm  design 
tolerance  requirements  for  the  critical  segments. 
The  corrector  quadrupole  lamination  (the  same 
design  as  the  main  quatrupole  but  made  by  a 
different  company)  pole  segment  error  is  around  a 
factor  of  10  larger  than  the  requirements.  The 
deviation  of  the  main  dipole  pole  segment  on  the 
straight  part  is  around  15  times  larger  than  the 
design.  Even  for  the  very  simple  shaped  trim  dipole, 
one  pole  on  the  straight  part  is  still  4  times  over  the 
tolerance  band.  This  situation  attracted  our 
attention.  The  laser  cutting  technique  can  cut  very 
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complex  parts,  such  as  the  main  quadrupole 
laminations.  But  this  does  not  necessarily  mean  that 
it  will  have  the  necessary  accuracy.  Industry  is 
familiar  with  conventional  industry  standards.  It 
is  a  rather  new  thing  for  them  to  cut  accelerator 
magnet  laminations  which  are  thin  and  have  big 
transverse  dimensions;  the  shape  is  rather 
complicated  as  well.  If  we  do  not  carefully  choose  a 
good  company  and  do  not  have  a  test  program  for 
laminations,  but  just  simply  believe  in  the  laser 
cutting  technique  itself;  it  is  very  likely  we  will 
have  poor  quality  laminations,  even  worse  than  one 
would  expect  from  conventional  tooling  methods. 
When  we  have  poor  quality  laminations  to  make  the 
prototype,  the  physical  design  problems  will  be  mixed 
with  the  mechanical  tolerance  problems,  and  it  will 
be  hard  to  separate  the  physical  design  errors  from 
the  mechanical  fabrication  errors.  The  result  is  that 
the  prototype  can  only  offer  a  production  procedure 
study  but  not  a  physical  design  study. 

From  our  experience,  the  conclusion  is  that  using 
laser  cutting  techniques  to  cut  laminations  may  be  a 
good  method  to  build  laminated  magnet  prototypes. 
It  saves  time,  but  it  is  a  very  sensitive  method  as 
well.  Special  attention  must  be  paid  to  the 
programming  and  the  program  running  lamination 
samples. 

B.  Different  Property  between  Laser  Cut  Laminations  and  Die 
Punched  Laminations 

The  laser  cut  laminations  have  a  major 
difference  from  the  die  punched  laminations.  The 
laser  cut  laminations  have  no  burrs,  so  the  stacked 
core  can  easily  reach  almost  100%  packing  factor. 
But  the  die  punched  lamination  core  will  have  a 
rather  lower  packing  factor.  Our  laser  cut  main 
quadrupole  prototype  has  a  99.8%  packing  factor  and 
the  die  punched  lamination  prototype  has  a  98.5% 
packing  factor. 

The  burr  characteristic  also  gives  the  core 
stacked  from  the  laser  cut  laminations  a  high 
resistance  under  high  voltage.  But  the  die  punched 
lamination  core  definitely  can  not  obtain  the  same 
value.  For  the  die  punched  lamination  core,  the  stack 
resistance  is  composed  of  3  factors:  1.  the  resistance 
of  lamination  coating  insulation  which  is  very 
high;  2.  the  resistance  of  steel  sheet  which  is  much 
lower  than  the  coating  one,  if  the  stacking 
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compression  is  reasonable,  this  resistance  can  be 
ignored;  3.  the  resistance  of  the  lamination  edge 
area  which  is  caused  by  burrs  and  can  be  considered 
as  the  steel  resistance.  When  you  test  the  lamination 
stack  insulation,  in  fact,  you  can  only  observe  the 
lamination  edge  area  resistance.  Therefore,  it  is  a 
non-comparable  value  with  the  resistance  value  of 
laser  cut  lamination  stack.  The  10  cm  thick  stack 
insulation  test  shows  that  the  resistance  value  of  the 
main  quadrupole  prototype  made  by  the  die  punched 
laminations  is  2.8  to  4.0  ohm  under  5  kg/cm^ 
compression  at  50  V,  the  dipole  is  0.9  to  1.0  ohm  under 
the  same  condition.  But  the  3.0  cm*3.0  cm*0.9  cm 
testing  samples  obtained  1.11*10®  ohm  resistance  at 
1.0  V/mm. 

As  stated  above,  the  packing  factor  and  the 
insulation  value  which  were  achieved  from  the 
prototype  made  by  laser  cut  laminations  can  not  be 
used  as  a  criterion  to  judge  the  die  punched 
laminations.  Otherwise,  the  two  kinds  of  prototypes 
made  by  different  laminations  should  share  the 
same  mechanical  tolerance  and  the  same  magnetic 
field  results. 

ffl.  PUNCHED  LAMINATION 

A.  Quality  of  the  Die  Punched  Lamination 

The  LEB  quadrupole,  main  dipole,  and  the 
chromaticity  sextupole  lamination  punching  dies 
have  been  developed  and  several  thousands 
laminations  have  been  punched.  Inspections  show 
the  laminations  have  very  good  quality.  All  3  kinds 
of  laminations  are  qualified  for  the  +/-  0.0125  mm 
tolerance  requirements  on  the  critical  segments.  It 
is  a  real  surprise  that  they  are  much  better  than  the 
laser  cut  laminations.  ZVI  chose  the  refined  die 
method  for  the  LEB  magnet  lamination  fabrication. 
There  is  no  clearance  between  the  guide  pins  and 
bushings;  pins  and  bushings  are  never  out  of  touch 
with  each  other,  the  clearance  between  the  die  and  the 
punch  is  as  small  as  0.02  mm.  ZVI  built  the  main 
quadrupole  lamination  die  and  the  punch  as  one 
solid  piece.  ZVI  took  full  advantage  of  the  EDM 
technique  and  took  the  risk  as  well.  If  any  spot  of  the 
die  or  punch  cutting  edge  is  broken,  the  only  way  to 
repair  the  die  is  to  build  a  brand  new  piece.  It  will 
cost  significant  money  and  time.  This  adventure 
obviously  supplied  a  very  high  quality  die  and,  of 
course,  very  high  quality  laminations.  The  burrs 
are  as  small  as  0.02  mm,  this  means  that  the 
deburring  procedure  can  be  total  eliminated. 

B.  Th  Sextupole  Lamination 

The  sextupole  laminations  show  something  very 
interesting.  The  LEB  sextuple  design  is  composed  of 
2  half  cores,  i.  e.  each  half  has  3  poles,  so  it  is  kind 
of  a  C  shaped  lamination. 


C  shaped  lamination  is  assumed  to  tend  to  open 
Figure  1.  LEB  Sextupole  Laaleatlou 

It  is  a  common  knowledge  that  this  kind  of 
lamination  tends  to  open  after  punching  because  of 
the  materials  inner-stress.  In  general,  it  is 
suggested  to  use  two  steps  to  punch  the  lamination. 
First,  a  rough  shape  stamp  that  allows  the  release  of 
the  material's  inner-stress  and  then  a  punch  step  to 
achieve  a  accurate  size  pole  segments  and  packing 
reference  segments  on  the  lamination.  For  the  LEB 
sextupole,  its  outline  dimension  is  about  479*220*0.5 
mm;  it  is  rather  small  and  thin.  The  ZVI  plant 
designed  only  one  die  to  punch  the  lamination.  They 
did  not  adjustments  to  the  die  for  the  opening 
problem.  The  inspection  results  by  ZVI  in  Moscow 
showed  very  good  quality  laminations.  Opening  did 
not  occur  on  the  laminations  at  all.  The  lamination 
samples  were  then  delivered  to  the  SSC,  we  re¬ 
measured  them.  The  inspection  values  were 
different  from  ZVI  report,  but  in  the  tolerance  band. 
The  interesting  thing  is  that  the  right  and  the  left 
poles  of  the  lamination  and  the  right  and  the  left 
clamping  ears  of  the  lamination  consistently 
demonstrated  that  the  lamination  did  open  slightly. 
I  believe  there  may  be  ageing.  I  will  continue  to 
study  more  samples  during  the  sextupole  lamination 
lot  production;  if  the  phenomenon  indicated  above 
exists  in  the  majority  of  inspected  laminations,  it 
may  give  us  some  new  information  about  the 
opening  problem  of  the  C  shape  lamination.  We  will 
get  some  experimental  data  between  the  lamination 
size  and  the  opening  ratio.  We  may  find  that  we  can 
ignore  the  opening  problem  for  certain  size 
laminations. 

IV.  LAMINATION  INSPECTION 
A.  The  Principle  for  Set  Up  of  the  Inspection  System 
There  are  many  ways  to  set  up  the  lamination 
inspection  system,  i.e.  the  measuring  coordinates. 
But  the  system  that  most  accurately  and  directly 
reflects  the  possible  deviation  of  the  critical  part  of 
laminated  core  after  packing  should  be  the  favorable 
one.  Such  as  for  the  quadrupole  magnet,  the  pole 
diameter  and  the  gap  size  between  the  adjacent  poles 
are  the  most  critical  mechanical  values  to  ensure 
good  magnetic  field  quality.  And  the  datum  features 
of  the  lamination  to  reflect  these  values  are  the  2 
yokes  ,  i.  e.  the  mating  surfaces  between  adjacent 
quarter  cores.  So  the  measuring  system  should  be  set 
on  these  two  features.  Then  inspection  numbers  will 
demonstrate  exactly  the  pole  diameter  and  the  gap 
value.  Using  the  same  principle  for  the  dipole 
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lamination  inspection,  measurement  should  use  the 
features  which  will  be  chosen  for  the  core  packing 
datum  as  the  X  and  Y  axis.  For  the  sextupole  we 
should  choose  the  bottom  most  edge  and  the 
symmetrical  line  of  the  lamination  to  be  the  X  and  Y 
axis. 

To  take  just  the  LEB  main  quadrupole  prototype 
lamination  as  an  example  : 

The  SSC  inspection  sets  up  the  measuring  system 
as  indicated  in  the  left  side  of  figure  2;  the  ZVI 
inspection  sets  up  the  measuring  system  as  on  the 
right. 


Actual  Profile 


Actual  Profile 


Figure  2.  Setup  Measurement  System 

The  two  inspections  show  different  results.  The 
laminations  measured  by  the  SSC  system  were  out  of 
tolerance  on  the  pole  tip  and  the  laminations 
measured  by  the  ZVI  system  were  in  tolerance.  Of 
course,  the  right  system  is  reasonable  and  reliable. 
This  example  shows  us  that  since  the  magnet 
laminations  have  very  tight  tolerance  requirements, 
an  inappropriate  measurement  system  may  lead  to  a 
wrong  conclusion. 

The  establishment  of  a  lamination  inspection 
system  should  be  thoughtfully  considered  for  each 
individual  magnet  . 

B.  The  Inspection  Programing 

Apart  from  the  trim  dipole,  the  LEB  magnet 
lamination  poles  are  a  broken  line  type  of  design. 
This  kind  of  design  raises  a  question  of  lamination 
inspection:  there  are  two  normal  lines  crossing  at 
the  intersecting  point  of  2  adjacent  small  straight 
lines;  which  one  should  the  inspecting  indicator 
trace?  The  best  way  is  to  write  a  program  which 
smooths  each  two  intersected  broken  lines  on  the 
pole  into  an  arc  and  therefore  the  normal  line  of  the 
tangent  line  of  this  arc  will  be  the  trace  of  the 
inspecting  indicator. 


VI.  END  PACK  DESIGN 

To  save  LEB  machine  space  and  avoid  eddy 
currents,  the  LEB  magnets  all  adopt  the  glued  and 
laminated  end  plate  type  of  design.  As  the  LEB  is  a 
10  Hz  machine,  it  is  assumed  that  the  high  frequency 
vibration  will  cause  the  delamination  of  the  end 
plates.  The  glue  is  not  reliable  under  radiation  and 
for  long  life  times.  ZVI  made  an  experiment  on  a 
special  main  dipole  model  for  studying  the 
delamination  problem.  This  model  has  two  different 
end  plates.  One  is  glued  and  another  is  not  glued. 
The  laminated,  unglued  end  plate  was  shaking 
baddly  and  each  lamination  was  dancing  crazily 
under  the  10  Hz  power.  Just  a  little  tremble  could  be 
felt  on  the  glued  end  plate.  But  the  tear  resistance  of 
the  glued  end  plate  obviously  is  a  negative  factor  over 
the  machine  life  time  with  such  strong  split  forces. 

The  INP  people  proposed  a  new  design  to  improve 
the  unity  property  of  the  LEB  dipole  magnet  end 
plates.  They  put  a  frame  of  low  carbon  steel  on  the  top 
of  the  laminated  end  plate  and  this  frame  will  be 
welded  with  the  bending  plate,  which  will  make  it 
and  the  core  a  single  element  The  frame  pushes  a 
solid  block  of  G10  type  material  toward  the 
laminated  end  plate  and  this  G10  block  is  fixed  to  the 
pole  tip  of  the  end  plate  by  two  insulated  screws  made 
of  non-magnetic  stainless  steel. 

For  the  main  quadrupole  end  plate,  there  is  a  stud 
through  the  hole  on  the  pole  tip  of  the  core  to  hold  tight 
the  laminated  packs  and  end  plate  as  an  entire  piece. 
But  since  the  end  plate  is  chamfered,  the  end  plate 
will  still  tend  to  be  split  by  the  10  Hz  vibration.  The 
delamination  was  observed  when  we  were  trimming 
the  end  plate  chamfer  of  the  main  quatrupole 
prototype  even  before  running  AC  measurements. 
The  reason  is  that  the  glue  did  not  permeate  into  the 
gap  between  laminations  thoroughly,  and  the 
adhesion  was  partly  destroyed  during  milling  the 
chamfer.  We  are  going  to  make  some  structural 
change  to  improve  the  main  quatropole  end  plate 
rigidity  to  ensure  it  will  work  as  a  solid  plate.The 
laminated  end  plate  design  was  used  by  Fermi  Lab 
for  their  DC  machine.  But  there  is  no  experience  for 
use  of  this  design  on  AC  machines.We  will 
continually  study  problems  and  find  ways  to  solve 
them. 
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Abstract 

A  fast,  flexible  magnet  system,  consisting  of  a  Panofsky- 
style  ferrite  picture-frame  magnet  and  pulsed  power  supply, 
has  been  developed.  Magnet  specifications  are:  8  cm  x  8  cm 
aperture,  23  cm  length,  500  A  pulsed/160  A  DC,  and  1  ps 
risetime.  Designed  for  general  accelerator  physics  studies,  the 
magnet  may  be  quickly  converted  from  dipole  to  quadrupole 
or  sextupole  and  higher  multipole  configurations  by  easily 
changing  winding  end  terminations.  In  the  quadrupole 
configuration  a  field  gradient  of  0.5  T/m  is  achieved  at  500  A. 
This  magnet  has  become  an  important  tool  for  nonlinear  beam 
dynamics  experiments  at  the  IUCF  Cooler  Ring. 

I.  INTRODUCTION 

It  is  well  known  that  beam  loss  occurs  at  sum  resonances, 
when  the  betatron  tunes  vx,  vz  satisfy 

m,vx  +  m2vx  =  integer, 

with  integer  m,,  mz.  Thus,  beam  dynamics  experiments  at 
sum  resonances  is  important  in  accelerator  physics;  correction 
of  these  sum  resonances  can  improve  accelerator  performance. 
A  typical  beam  dynamics  experiment  is  usually  performed  by 
measuring  the  Poincard  map  at  a  resonance  condition. 
However,  the  beam  current  within  a  sum  resonance  is  too 
small  to  obtain  any  useful  information;  e.g.,  the  stopband  width 
of  vx  +  2vz  =  13  resonance  at  the  IUCF  Cooler  Ring  is 
typically  0.01 .  A  fast  quadrupole  capable  of  producing  a  tune 
shift  of  the  order  of  0.03  at  a  rise  time  of  1  ps  would  serve  the 
purpose  for  accelerator  physics  experiments.  The  method  is  to 
jump  onto  the  sum  resonance  by  using  the  fast  quadrupole  and 
observe  the  beam  response  as  a  function  of  initial  betatron 
amplitudes.  Such  a  process  can  be  achieved  by  firing  a  fast 
quadrupole  and  then  allowing  the  magnet  current  (and  tune)  to 
die  away  from  the  resonance  band,  back  to  the  original  DC 
tune.  One  useful  operational  outcome  of  such  a  technique  is 
the  ability  to  jump  over  intrinsic  depolarizing  spin  resonances 
and  thereby  accelerate  beam  with  little  polarization  loss  [1]. 

To  investigate  these  behaviors  and  related  nonlinear 
dynamics  at  the  IUCF  Cooler  Ring  we  developed  a  fast  ferrite 
magnet  and  pulsed  power  supply.  The  magnet  uses  Panofsky- 
style  picture  frame  construction  [2],  with  solid  copper  windings 
embedded  along  the  ferrite  inner  walls.  By  designing  the 
windings  as  separate  from  the  winding  end  terminations  we 
have  achieved  a  magnet  of  considerable  flexibility.  Changing 
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end  terminations  allows  use  as  both  dipole  and  quadrupole; 
modeling  also  suggests  sextupole  configurations. 

II.  MAGNET  DESIGN 

We  had  on  band  a  large  number  of  2.54  cm  x  5.02  cm 
cross-section,  22.9  cm  long  ferrite  slabs.  These  were  cleaned 
and  glued  together  with  a  commercial  cyanoacrylate  ester 
instant  adhesive  [3].  The  ferrite  frame  was  strengthened  by 
bonding  0.32  cm  thick  G-10  fiberglass  sheets  to  the  ferrite 
outer  walls  using  silicone  RTV.  The  assembled  ferrite  frame 
measured  15.2  cm  x  15.2  cm  outside  dimensions,  23  cm  long, 
with  a  10.2cm  x  10.2  cm  inner  aperture  (effectively  reduced  to 
8  cm  x  8  cm  by  the  later  addition  of  the  copper  conductors 
and  fiberglass  carrier  plates).  The  top  ferrite  slabs  are  free  to 
slide  in  and  out  of  the  lower  "U”  shaped  ferrite  frame.  This 
allows  insertion  around  a  beampipe  by  temporarily 
disconnecting  the  end  termination  cables,  raising  the  magnet 
from  below  the  beampipe,  reinstalling  the  top  ferrite/conductor 
assembly,  and  reconnecting  the  end  termination  cables. 

The  winding  conductors  were  fabricated  from  1 .9  cm  wide, 
0.64  cm  thick  rapper  bars.  Because  the  tum-to-turn  voltage 
during  the  1  ps  current  ramp-up  exceeds  several  kV,  conductor 
edges  were  radiused  to  minimize  E-field  strength,  which 
otherwise  leads  to  flashover  during  turn-on.  Winding  ends 
were  drilled  and  tapped  for  #8  screws  to  form  end  connections. 
Carrier  plates,  constructed  of  0.64  cm  thick  G-10  fiberglass, 
were  milled  out  to  accept  the  copper  bars.  These  bars  were 
bedded  into  the  G-10  with  a  thin  RTV  layer,  the  G-10  carrier 
plates  similarly  attached  to  the  ferrite  inner  walls  (Figure  1 .). 
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Fig.  1  Magnet  construction 


0-7803-1203- 1/93S03.00  ©  1993  IEEE 


2865 


The  completed  magnet  was  mounted  on  a  support  base  with 
leveling  &  centering  screws. 

For  low  frequency  modulation  field  monitoring,  a 
demountable,  compact  field  pick-up  coil  can  be  attached  inside 
the  magnet  aperture.  This  connects  to  integrator/amplifier 
electronics  mounted  on  the  base  plate,  providing  a  high-level 
field  monitor  signal  over  30  Hz  to  300  kHz. 

III.  POWER  SUPPLIES 

For  pulsed  current  work,  a  supply  using  capacitor  energy 
storage  and  ignitron  switch  tube  was  designed  and  built  (Fig. 
2).  Both  high-  and  low-voltage  capacitor  banks  in  the  supply 
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Fig.  2  Pulsed  supply  topology 


are  precharged  from  10  kV  and  200  V  charging  supplies.  A 
trigger  pulse  fires  the  GL-7703  ignitron  tube;  magnet  current 
resonandy  rings  up  when  the  charged,  44,000  pF,  12  kV 
capacitor  bank  is  placed  across  the  magnet  As  the  magnet 
approaches  peak  current  at  1/4  cycle  (1  ps)  into  the  sinusoidal 
ring,  magnet  voltage  approaches  zero  crossing.  At  this  point 
the  1N5603  diode  stack  forward  biases,  placing  the  22,000  pF 
low-voltage  sustaining  current  capacitors  across  the  magnet. 
The  magnet  and  capacitors  then  discharge  as  a  simple  RC 
combination  with  x  =  3  ms  time  constant.  Circuit  construction 
utilizes  22  paralleled  2000  pF,  12  kV  plastic  capacitors  for  the 
high-voltage  capacitors  and  four  5500  pF,  250  V  capacitors  for 
the  low  voltage  bank,  allowing  considerable  flexibility  in 
adjusting  rise/decay  times  for  different  magnet  loads.  High- 
and  low-voltage  capacitors  must  be  charged  in  a  certain  ratio, 
with  a  low-voltage  offset  added  for  diode  forward  drop. 
Tracking  is  handled  by  an  analog  charge  programming  circuit, 
adjusted  for  optimum  high-to-low-voltage  transition  (Ftg.  3). 


Fig.  3  Pulsed  supply  current  (into  quadrupole) 


The  ignitron  approach  gives  timing  jitter  of  the  order  of 
200  ns  over  several  dozen  pulses  (and  total  system  delay  of 
about  2  ps).  Jitter  is  not  as  good  as  with  thyratrons  but  (with 
Cooler  ring  single-bunch  orbit  time  of  1  ps  at  45  MeV) 
acceptable.  Peak  ratings  for  the  GL-7703,  at  100  kA  and  25 
kV,  far  exceed  figures  for  thyratrons  of  comparable  price. 
Tube  robustness  and  simplicity  is  another  advantage  of  the 
ignitron  approach,  improving  reliability  by  eliminating  cosdy 
precision  filament  supplies  and  reservoir  heaters. 

Present  limitations  on  higher  current  performance  for  the 
supply/magnet  system  come  from  the  1N5603  high-voltage 
diodes.  Extensive  testing  with  t  =  3  ms  has  set  a  peak  pulse 
current  rating  of  500  A  as  an  upper  limit. 

For  low-current,  low-frequency  work  a  bipolar  20  A  power 
supply  is  used.  Measurements  on  stainless  steel  beampipe  of 
0.23  cm  wall  thickness  gives  an  upper  -3  dB  rolloff  at  1.2  kHz 
[4],  allowing  modulation  studies  [5]  at  these  low  frequencies. 

IV.  MAGNET  MODELING  AND  MAPPING 


The  Panofsky  design  makes  use  of  conductor  images 
appearing  in  the  ferrite  such  that,  with  proper  geometry,  a 
symmetrical,  infinitely  repeating  arrangement  of  current 
carrying  conductors  effectively  exists.  As  conductor  symmetry 
is  critical  in  establishing  imaging  and  desired  field  uniformity. 


dipole 


quadrupole 


sextupole 


Fig.  4  Magnet  multipoie  configurations  (By(x)) 
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minor  misalignments  create  error  multipoles.  Although,  in 
principle,  single  sheet  conductors  along  the  ferrite  walls  could 
be  used  to  establish  field,  in  practice  this  has  the  disadvantages 
of  requiring  high  currents  and  causing  non-uniform  current 
distribution  during  short  current  rise  times.  After  evaluating 
supply  requirements  and  mechanical  complexity,  the 
compromise  of  4  conductors/side  was  chosen.  As  seen  in  Fig. 
1,  mechanical  details  prevent  the  8  comer  conductors  from 
being  placed  symmetrically  with  respect  to  the  ferrite  (the 
conductor-ferrite  edge  gap  should  be  half  the  conductor- 
conductor  edge  gap).  This  creates,  in  the  dipole  example  of 
Fig.  4,  about  a  6%  scxtupole  component  on  top  of  the  dipole 
field.  To  correct  this  effect  we  evaluated  the  addition  of  small 
corrector  windings  in  the  comers;  optimum  results  were 
obtained  by  making  corrector  winding  current  1/4  of  main 
conductor  current,  shown  in  Fig.  5. 


Fig.  5  Dipole  with  symmetry  corrector  windings 

We  used  the  POISSON  modeling  code  to  evaluate  DC 
performance;  figure  4  shows  dipole,  quadrupole,  and  sextupole 
results.  To  establish  DC  field  maps  we  ran  the  magnet  at  its 
lemperature-rise-limited  rating  of  175  A,  with  figure  6  showing 


good  quadrupole  field  linearity.  Four  passes  smoothed  out  the 
mapper  data,  which  is  running  at  about  the  hardware  noise 
floor  here.  The  0.19  T/m  gradient  matched  the  POISSON 
result;  at  a  500  A  supply  limit  this  gives  0.5  T/m. 

To  evaluate  pulsed  performance,  a  pickup  loop  and  passive 
RC  integrator  was  employed  to  observe  the  B  field  pulse 
leading  edge.  Figure  7  shows  quadrupole  results,  indicating 
excellent  linearity  across  the  aperture. 


Fig.  7  Quadrupole  pulsed  field  map  (horizontal  scan) 


V.  RESULTS  AND  FURTHER  PLANS 

The  magnet  has  been  successfully  used  as  both  dipole  and 
quadrupole.  For  low-frequency  work  the  magnet  is  insetted 
around  normal  0.23  cm  wall  thickness  stainless  steel  beampipe. 
High  speed  pulsed  runs  require  insertion  around  a  7.6  cm 
diameter  ceramic  beampipe.  Future  work  may  employ  the 
magnet  in  quadrupole  mode  which,  in  conjunction  with  a  fast 
kicker,  would  allow  beam  echo  studies. 
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Abstract 

This  report  discusses  the  design,  construction,  testing 
and  installation  of  2  magnetic  septa  in  the  South  Hall 
Ring  Lattice  for  the  injection  and  extraction  of  an 
electron  beam  of  energies  from  03  to  1.0  GeV.  The 
report  covers:  magnetic  design  and  performance  of  the 
following;  steel  return  frame,  electrical  coil  design,  power 
supply,  vacuum  vessel,  supports,  fidudalization,  and 
magnetic  measurements. 

I.  GENERAL 

The  magnetic  septa  specifications  are  to  horizontally 
bend  an  electron  beam  of  up  to  1.0  GeV  energy  tiuough 
60  mr.  The  septum  width  must  be  less  than  8  mm  to 
allow  sufficient  clearance  for  the  injected  and  extracted 
beam  and  the  circulating  beam.  Multi-turn  injection  and 
resonant  extraction  are  planned.  The  magnet  gap, 
window,  and  length  dimensions  were  determined  to  be 
1.44  cm,  7.0  cm,  and  99  cm  respectively.  The  final 
configuration  for  the  core  was  modelled  on  POISSON11,3. 
The  low  external  side  fields  outside  the  septa  were 
reduced  further  by  the  addition  of  a  80%  nickel,  0.7S  mm 
thick,  cylindrical  magnetic  shield.  The  shield  tube  also 
acts  as  a  shield  for  the  S-band  electron  bunches  and 
reduces  the  beam/tank  structure  interaction.  The 
watercooled 

C-frame  septa  are  mounted  on  flanges  to  allow  the  units 
to  be  installed  on  the  vacuum  side  of  the  large  UHV 
tanks.  Flange  mounted  support  bars  support  the  septum 
110  lbs.  weight.  All  connections  for  electrification  and 
cooling  water  are  external  to  the  vacuum  and  there  are  no 
electrical/water  joints  inside  the  vacuum  envelope. 

II.  STEEL  ALLOY  RETURN  FRAME 

The  return  iron  material  is  4750  forged  alloy  obtained 
from  Scientific  Alloys  Inc  of  Westerly,  RI.  The  material 
was  machined  to  within  1/16"  of  final  dimensions  and 
then  annealed  at  2150"  F  for  4  hours  and  oven  cooled  to 
reduce  the  coercive  force  of  the  material.  Final 
dimensions  were  achieved  by  Blanchard  grinding  with 
water  based  coolants  and  then  a  03  mil  thick  electroless- 
nickel  plating  was  applied  for  corrosion  protection  and  for 
reduction  of  surface  vacuum  outgassing  rates.  The  septum 
steel  consists  of  2  plates  for  top  and  bottom  with 
dimensions  39.0”x433"xl.092*  LxWxH.  The  gap  is  set  by 


2  groped  bars  which  allow  a  space  for  rear  access  at  the 
mid  point  for  coil  lead  passage.  The  bars  dimensions  are 
19.18*xl.429*x0.567*  LxWxH.  The  frame  is  bolted  together 


by  2  parallel  rows  of  bolts  to  provide  damping  of  the  core 
assembly.  A  cross  section  of  the  septa  is  shown  in 
Figure  1.  A  photograph  of  the  septum  assembly  mounted 
on  the  beam  tine  is  shown  in  Figure  2. 

RI.  ELECTRICAL  COIL  DESIGN 

Several  designs  were  considered  using  square  OD 
hollow  copper  conductor,  but  the  available  profiles  did 
not  fill  the  gap  with  enough  copper  to  maintain  the  design 
temperature  rise  and  to  help  reduce  the  stray  field  outside 
the  septum.  Consideration  was  given  to  rolling  a  square 
conductor  down  to  a  rectangular  profile  to  obtain  more 
copper  in  the  gap  and  lower  the  temperature  rise.  Our 
designers,  through  persistence,  located  a  Finnish  supplier, 
Otukumpu,  with  the  desired  profile  listed  in  their  catalog. 
Engineers  were  able  to  obtain  from  the  vendor’s  US 
offices  a  small  quantity  (200  lbs.),  which  more  than 
supplied  our  conductor  needs.  The  conductor,  an  OFHC 
CDA  102  copper  alloy,  has  dimensions  of  6mm  x  5mm 
OD/  3mm  RD-ID.  This  conductor  provides  an  excellent 
match  to  the  design  gap  and  septum  width  specifications. 

The  conductor  has  a  resistance  per  foot  of  229.1 
micro-ohms.  The  coil  length  for  2  turns  is  20  feet, 
resulting  in  a  magnet  resistance  of  458  milli-ohms  at  20C. 
To  drive  the  gap  to  2000  Gauss  requires  a  current  of 
about  1150  amperes,  a  voltage  of  about  6.00  volts  and  a 
power  consumption  of  63  kW.  Each  turn  conductor 
carries  1  GPM  of  water  at  80  psid;  such  that  the 
temperature  rise  of  the  water  is  less  than  13.0C  at  the 
maximum  current  of  115QA  for  1.0  GeV  operation. 

Insulation  designs  considered  for  the  conductor  were: 
ceramic  clips,  hard  coated  aluminum  sheets,  to  flame 
sprayed  alumina.  Information  from  G.  Fischer  of  SLAC01 
on  a  qualified  flame  spray  vendor,  BBC  of  San  Jose.CA. 
resulted  in  the  selected  insulation  design  of  10  mils  (±  3) 
mils  of  AL203  being  flame  sprayed  onto  the  conductor. 
The  coil  ends  are  saddled,  turned  up/down,  to  allow  the 
beam  to  pass  through.  Early  designs  called  for  field 
clamps/supports  for  the  coil  ends,  but  assembly  and 
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testing  determined  that  the  coil  ends  were  self-supporting. 
The  coil/frame  assembly  was  high  potential  tested  to  1000 
volts  DC  and  no  leakage  was  noted.  The  four  end 
conductors  for  the  windings  come  out  of  the  vacuum  via 
a  flange  with  4  insulating  feedthroughs.  The  conductors 
slide  out  through  the  feedthroughs  and  are  brazed  via  a 
matching  interface  copper  disc  to  the  feedthrough  after 
final  fit  up  is  achieved.  From  then  on  the  magnet  is  tied 
to  the  vacuum  tank  large  rectangular  flange  and  is 
handled  as  a  flanged  assembly. 

The  2  turns  are  connected,  outside  vacuum,  in  series 
to  produce  the  required  magnetic  field  and  are  connected 
with  fittings  for  parallel  turn  water  cooling  supply  and 
return.  Temperature  sensors  are  installed  on  the  water 
outlet  conductors  and  with  flow  switches  are  part  of  the 
septum  interlock  protection  system.  Large  tabs  are 
connected  to  the  input  terminals  so  that  6-4/0  AWG 
flexible  cables  can  be  connected  to  each  terminal.  The  12 
cables  for  supply  and  return  are  interleaved  in  the  path 
from  the  power  supply  to  reduce  stray  fields  and 
couplings  to  other  circuits. 

IV.  VACUUM  TANK  DESIGN 

A  rectangular  design  was  chosen  based  on  the 
availability  of  a  suitable  8"xlO"x'A"  wall  304  stainless  steel 
rectangular  pipe.  Various  ports  and  flangements  were 
provided  for;  beam  entry  and  exit,  vacuum  pump  port, 
windows  for  a  beam  monitor  screen,  support  and  fiducial 
mounts,  and  the  large  side  flange  for  the  septum  magnet 
assembly.  Articulation  of  the  septum  is  accomplished  over 
the  motion  of  the  entrance  and  exit  bellows  and  by 
adjustment  of  the  6  strut  support  system,  which  allows 
vertical,  horizontal  and  azimuthal  motion  in  an 
independent  way. 

The  tanks  were  built  by  Mill  Lane  Engineering, 
Lowell,  MA  and  no  problems  were  noted  in  fabrication. 
Cleaning  and  bakeout  processes  performed  allowed  a 
base  pressure  10*exp(-9)  Torr  to  be  achieved  with  an  O- 
ring  seal.  A  Helicoflex  Delta  Seal  is  planned  to  be  used 
for  the  final  assembly  sometime  in  the  future. 

V.  POWER  SUPPLY 

The  design  of  the  power  supply  was  specified  and  an 
order  was  placed  with  Bruker  Inc.,  Billerica,  MA.  for  2 
units  rated  at  12  Volts  and  1300  Amperes  DC,  with 
current  regulated  to  10  ppm/°C  long  term.  The  units 
were  delivered,  installed,  tested  and  determined  to  be 
within  specifications  without  any  problems.  The  power 
supplies  are  a  distance  from  the  septa  due  to  the 
radiation  associated  with  the  electron  beam  injection, 
storage  and  extraction  activities  planned. 


VI.  MAGNETIC  MEASUREMENTS 

The  magnetic  measurements  on  the  septa  were  made  out 
of  the  vacuum  tank  to  allow  access  to  the  septum  gap  and 
external  stray  fields  using  the  Bates  X-Z  table  with 
precision  Hall  probe.  Measurements  of  the  end  field, 
internal  gap  field,  and  septum  external  field  were  taken 
versus  distance  and  excitation.  The  reduction  of  the  stray 
septum  field  when  the  magnetic  shield  was  installed  was 
also  measured.  Plots  of  the  vertical  magnetic  fields  versus 
axial  distance  (z);  in  the  septum  for  the  injected/extracted 
beam,  in  the  shield  for  the  circulating  beam  are  presented 
in  Figure  3.  A  photograph  of  the  septum  mounted  on  the 
main  flange  is  shown  in  figure  4. 

VII.  FIDUCIALIZATION 

The  completed  assembly  of  septum/flange  was 
measured  to  allow  use  of  external  fiducial  points  on  the 
flange  to  set  the  horizontal  and  vertical  position  of  the 
septum  with  respect  to  the  beam  position  at  the  septum 
beam  entrance  and  exit  points.  The  success  of  this 
program  allowed  the  beam  to  be  directed  through  the 
septum  on  the  first  attempt  to  inject  the  electron  beam. 

VIII.  CONCLUSIONS 

The  septa  were  constructed  and  tested  on  the  injection 
side  of  the  SHR.  Both  units  performed  well  with  electron 
injection  at  about  330  MeV.  The  first  unit  was  removed 
to  modify  some  tank  dimensions.  There  are  some 
mechanical  improvements  in  the  second  unit  based  on  the 
experience  gained  with  the  construction  of  the  first  unit. 
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Figure  1.  Septum  Cross-section. 


Figure  2.  Injection  septum  installed  in  Ring. 


MS02  at  1.1  GeV 


Figure  3.  By  (X^.O.Z),  {+  X,  inside  septum;  +X2  inside  Figure  4.  Septum/Shield/Flange  Assembly, 
shield}  - 100“  <  Z  <  +  1050“.  Note:  Injected  beam  along 
(X„Z);  circulating  beam  along  (X^Z). 
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Abstract 

The  MIT-Batea  SHR,  a  190m  long  race  track  shaped 
electron  storage  ring  with  a  9.144m  bending  radius,  is 
designed  for  nuclear  physics  experiments  using  two 
modes;  the  STORAGE  mode  with  internal  targets  or  the 
PULSE  STRETCHER  mode,  which  uses  the  1/2  integer 
resonance  and  2  ramped  quadruple  magnets  and  3 
octupole  magnets  to  (smoothly)  extract  the  stored 
electrons  of  up  to  1.0  GeV  energy  and  80  mA  intensity 
over  a  period  as  short  as  1  millisecond  into  the  extraction 
line. 

L  INTRODUCTION 

This  report  summarizes  the  design  features  and  results 
obtained  for  the  octupole  magnets,  which  are 
characterized  by  poles  of  24.89  cm  anal  length,  located 
325  cm  from  the  electron  beam  axis  and  having  variable 
pole-tip  field  strengths  of  up  to  6.0  lcG,  with  the  pole/coil 
assemblies  mounted  in  a  cylindrical  steel  return  frame. 

n.  MAGNETIC  DESIGN 

The  octupole  specifications  call  for  a  variable  octupole 
field  with  a  minimum  of  other  multi-poles,  which  is 
achieved  through  the  appropriate  pole  tip  contour  defined 
by  the  radius  to  the  pole  from  the  beam  axis  and  by  the 
angle  (a)  from  the  pole  location  angle.  This  radius  slowly 
increases  from  the  minimum  Ro  of  3.2S  cm  according  to 
the  following  relationship:111 

R(a)  =  Ro/Icos  4(a)]exp{.25) 

A  compromise  must  be  made  between  the  optimum 
pole  angle  and  the  space  needed  to  install  the  water 
cooled  copper  coil  and  insulation.  Iteration  of  several 
configurations  using  the  POISSON  program  resulted  in 
the  selected  design  where  (a)  varies  from  -12  to  +12 
degrees  about  each  pole  tip  and  which  allows  a  physical 
space  for  installation  of  reasonable  coils.  Reasonable  coil 
parameters  of;  turns/pole,  current,  voltage,  power, 
cooling,  and  temperature  rise  were  achieved  for  the 
selected  design. 

To  determine  the  required  ampere-turns  per  pole 
(a-t/p)  it  is  assumed  that  the  field  strength  varies  as  the 
third  power  of  the  radius  up  to  the  pole-tip  where  the 


design  calls  for  Bp  -  6000  Gauss.  In  the  cgs  system  of 
units  this  is  also  Hp  ■  6000  Oersted.  The  assumed 
variation  of  H(R)  is  cubic  and  can  be  expressed  as: 

H(R)  -  Hp(R/Ro)exp<3) 

Integration  of  this  function  over  R  (0  -  3.25  cm)  allows 
determination  of  the  MMF  (gilberts)  needed  to  excite  the 
pole. 

MMF/p  =  Hp(Ro)/4  *  4875  Gilberts 
NI/p  »  MMF/0.4(pi)  *  3789.4  a-t/p 

The  magnetic  efficiency  of  the  magnetic  path  is 
assumed  to  be  0.97,  therefore  the  a-t/p  *  3789.4/0.97  or 
4000  a-t/p  for  the  coil  excitation  requirements. 

m.  MECHANICAL  DESIGN 

The  return  frame  is  based  on  a  thick  wall  pipe/tube  of 
1018  carbon  steel  with  OD/ID  of  11.5*/8.5"  nominal  size, 
which  is  'rough  machined*  to  within  1/16*  of  the  final 
dimensions,  annealed  at  1500-1800  degrees  F  for  1-6 
hours  and  oven  cooled  to  relieve  internal  strains  after  the 
auxiliary  brackets  and  support  blocks  were  welded  on, 
then  honed  to  the  correct  ID.  A  final  electro-less  nickel 
{dating  of  0.5  mils  thickness  is  added,  to  provide  corrosion 
protection,  completing  the  frame  fabrication. 

The  poles  are  made  from  bar  stock  of  1003  carbon 
steel  to  ensure  good  permeability  at  high  magnetic  field 
strengths.  The  poles  were  rough  machined  on  a  CNC 
Machining  Center  to  within  1/16*  of  final  dimension  and 
then  annealed,  and  finally  machined  before  plating 
completes  the  pole(s)  fabrication. 

The  octupole  magnet  steel  parts  were  preassembled 
without  coils  to  establish  the  proper  alignment  of  each 
pole  to  the  axis  and  to  each  other  and  then  bolted  up 
after  which  the  pole/frame  interfaces  were  maked  and 
pinned  (Dutchman)  to  the  frame  at  each  end  to  allow 
reassembly  of  the  magnet  after  the  coils  were  mounted  on 
the  poles.  The  magnet  final  assembly  involved  the  sliding 
of  the  coil/pole  assemblies  non-lead  ends  into  the  frame, 
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locating  position  by  the  pins  and  bolting  op  tight 
Tolerances  for  the  pole  locations  require  the  poles  to  be 
within  ±  0.002"  to  the  satis  and  1  0.004*  to  each  other. 
Measurements  completed  indicate  that  the  required 
tolerances  were  met  in  the  assembly  of  the  magnetic 
frame  and  the  poles. 

IV.  COILS 

The  coil  design  is  based  on  a  copper  hollow 
conductor1"  of  CDA  102  OFHC  alloy  with  OD/ID 
dimensions  of  0.162  SQ/0.090  RD.  The  copper  is  served 
with  an  wrap  of  double  dacroo/glass  fiber  to  a  thickness 
of  0.006*  for  torn  to  turn  and  layer  to  layer  insulation 
requirements.  Each  of  the  coils  have  12  turns  per  layer 
for  a  total  of  24  turns  per  coil.  The  total  magnet 
resistance  is  calculated  to  be  0202  Ohms  at  40  C  The 
total  octupole  magnet  voltage  and  power  at  167  amperes 
DC  current  is  calculated  to  be  33.8  Volts  and  5.6  kW 
respectively.  A  ground  wrap  of  fiberglass  0.015  thick  was 
placed  on  the  external  coil  surfaces  to  provide  additional 
insulation  between  the  coils  and  the  steel  frame.  The  coils 
were  vacuum  impregnated  with  epoxy  in  a  mold.  The 
power  supplies  chosen  to  excite  the  octupole  magnets 
have  a  rating  of  50  Volts  and  200  Amperes  (10  kW). 

V.  AUXILIARIES 

There  are  attached  to  the  cylindrical  steel  return  frame 
a  number  of  brackets  and  blocks  to  interface  the 
octupoles  to  the  outside  world  such  as;  power  terminal 
blocks,  interlock  box,  manifolds  for  coolig  water  supply 
and  return,  support  Modes  for  support  and  position 
adjusters,  and  fiducial  bars  for  survey  and  alignment  of 
the  octupole  magnetic  axis  on  the  beam  line.  The  coil 
ends  are  arranged  to  have  the  cooling  water  enter  and 
leave  the  coils  in  a  combined  way  to  reduce  the  number 
of  hoses  to  5  for  each  manifold. 

VI.  MEASUREMENTS 

The  octupoles  weigh  about  200  lbs.  The  coils 
resistance  has  been  measured  to  be  0.024  Ohms  and  the 
total  resistance  measured  to  be  0.194  Ohms  at  24  C  The 
flow  rate  at  70  psid  was  measured  at  1.0  GPM  total  for 
the  first  unit  delivered.  The  temperature  rise  across  the 
manifolds  was  measured  to  be  25  C  degrees  at  179.9 
amperes  DC  with  a  1.0  GPM  flow  rate. 

The  pole-tip  field  is  linear  with  current  up  to  5  kG  and 
then  departs  from  the  airgap  line  by  about  10%  at  6.0  kG. 
Measurements  of  the  strength  of  the  octupole  and  the 
higher  pole  content  were  made  on  the  Magnetic  Analyzer 
at  several  current  excitations  including  zero.  Figure  1 
shows  the  mutipole  content  for  the  maximum  excitation 

current  and  the  associated  k  value  .  Figure  2 

shows  the  k  value  divided  by  I  vs.  I  and  this  curve  is  fairly 
constant  indicating  a  linear  octupole. 


The  design  effort  to  produce  the  three  octupole 
magnets  was  successful  One  unit  of  3  delivered  has  been 
measured.  Figure  3  shows  a  drawing  of  the  octupole. 
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Figure  3.  Drawing  of  the  octupole  showing  2-views  and  a  section. 
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Abstract 

This  report  discusses  the  design  and  performance  of  2 
Ramped  Quadruples  (RQ).  They  are  to  be  used  to 
rapidly  move  the  horizontal  tune  dose  to  the  half  integer 
(7.5)  for  extraction  of  the  up  to  1.0  GeV  electron  beam 
stored  in  the  SHR.  The  design  chosen  is  an  8  conductor 
array  symmetrically  placed  about  the  beam  axis  at  ±  15* 
to  the  4  axes  and  connected  to  produce  a  quadrupole 
field.  The  conductors  are  half  imbedded  in  a  ferrite  shield 
assembly,  outside  a  ceramic  vacuum  chamber,  and  when 
powered  at  250  amperes  produce  a  gradient  of  about  30 
G/cm  over  the  radius  of  4.5  cm  and  along  a  30  cm  length. 
The  ceramic  diamber  is  internally  conductively  shielded 
to  present  a  smooth  bore  surface  for  the  S-band  bunches, 
but  allow  the  up  to  20  kHz  quadrupole  field  components 
to  pass  through  the  shield  and  influence  the  electron 
beam. 

I.  GENERAL 

The  SHR  design  calls  for  a  half  integer  beam 
extraction  system  to  smoothly  extract  the  stored  electron 
beam  of  up  to  80  mA  average  and  up  to  1.0  GeV  energy 
during  periods  as  short  as  1.0  ms  during  the  interpulse 
periods  of  the  linac  (1000  pps  maximum  and  132  micro¬ 
seconds  pulse  length  for  2  turn  injection).  There  are  3 
octupoles  and  2  ramped  quads  which  make  up  the 
resonant  extraction  beam  line  components.  A  review  of 
approaches  taken  by  others  in  the  literature  indude: 
current  sheets  in  air111,  current  tubes  in  vacuum,  current 
tubes  within  flat  ferrite  plates,  and  some  others  with  very 
complex  end  connections  as  the  number  of  current 
elements  becomes  large.  Aircore  calculations  using 
MATHCAD  determine  the  resulting  field  gradients  for 
symmetrically  placed  current  elements  about  the  axis. 
Calculations  were  performed  for  a  number  of  conductors 
(4,8,12,16^20)  at  various  angles  and  radii  from  the  beam 
axis.  The  selected  design  was  a  compromise  between  a 
simple  configuration  and  a  good  field  region  over  a  fair 
fraction  of  the  aperture.  By  placing  the  conductors  half 
buried  in  a  ferrite  shield,  a  boost  in  the  internal  field 
strengths  by  about  a  factor  of  2  and  a  significant 
reduction  in  external  stray  fields  could  be  expected.  This 
design  approach,  reduces  the  required  current  and  power 
by  factors  of  2  and  4  respectively,  while  doubling  the 

The  horizontal  ^-function  value  at  the  lattice  location 
of  the  RQs  affects  the  amount  of  tune  shift  obtainable. 


The  planned  location  has  a  20m  0  value  where  the 
expected  tune  shift  per  RQ  at  25QA  and  1.0  GeV  will  be 
about  0.06,  which  is  conservative  given  the  operating 
storage  nux  value  of  7.42,  which  is  moved  towards  the  73 
half  integer  value  for  extraction  of  the  electron  beam  by 
the  excitation  of  the  RQs. 

II.  FERRITE  RETURN  FRAME 

Several  manufacturers  quoted  to  the  RQ  Drawings  for 
the  ferrite  shield  A  contract  was  placed  with  NMGI, 
Bethlehem,  PA  for  a  number  of  ferrite  rings  (H  Material) 
with  8  half  round  slots  for  the  conductors  to  sit  into  on 
the  ID  of  the  ring.  The  OD/ID/t  of  the  rings  is 
5.40"/33"/0.625"  respectively.  The  depth  of  the  8  half 
round  grooves  is  0.125*  at  ±  15*  to  the  principle  axes  to 
accommodate  the  OD/ID  0.250" /0. 180"  hollow  hard 
drawn  copper  conductors.  A  prototype  assembly  of  the 
RQ  was  constructed  to  verify  Bo*Leff/a  for  the  air  and 
shielded  design  approaches.  Because  the  ferrite  shield 
rings  were  not  available  a  solid  steel  pipe  was  substituted 
for  the  shield  and  proved  the  expected  factor  of  2  field 
enhancement  could  be  approached.  The  achieved 
Bo*Leff/a  at  1923  Amperes  was  0.0852  Tesla.  For  non¬ 
nested  conductors  a  factor  of  1.72  was  achieved,  while 
placing  strips  of  magnetic  material  on  either  ride  of  the 
conductor  to  simulate  1/2  buried  conductors  produced  a 
factor  of  133  enhancement  of  the  field  The  final 
measurements  of  the  completed  final  assembly  show  the 
field  enhancement  factor  to  be  about  2.  Figure  1  shows 
a  drawing  of  the  unit. 

III.  ELECTRICAL  DETAILS 

The  8  axial  conductors  are  end  connected  symmetrically 
as  possible  to  produce  the  desired  quadrupole  field  and 
are  powered  in  series.  With  the  ferrite  shield  outride  the 
conductors  the  inductance  is  expected  to  be  about  5.4 
micro-Henrys,  which  is  2  times  the  inductance  without  the 
magnetic  shield  The  resistance  for  DC  current  was 
measured  at  3.4  milli-Ohms  and  increases  with  applied 
frequencies  due  to  eddy  currents  induced  in  the  water 
cooled  conductors.  The  maximum  current  is  designed  to 
be  about  250  Amperes  and  the  first  order  current  shapes 
will  be  trapezoidal  or  sawtooth.  Tune  shift  control  by 
programming  the  current  to  the  RQs  is  required  The 
period  of  the  excitation  will  be  1  millisecond  or  greater 
depending  on  the  injection-storage  repetition  rates  of  the 
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aqcctor  Maac.  The  final  circuk  design  it  not  yet  finalized, 
but  k  it  expected  that  we  will  drive  the  current  into  and 
oat  of  the  ramped  quadruples  by  using  a  linear  amplifier 
to  gain  experience  ia  the  extracted  beam  behavior  at 
various  energies  from  03  to  13  GeV. 

IV.  TESTING 

The  teats  performed  oa  the  RQs  were  done  with  the 
ferrite  shield  and  DC  curreat  on  the  Harmonic  Analyzer01 
to  measure  the  harmonics  of  the  quadrupole  fields. 
Figure  1  shows  the  relative  strengths  of  the  various 
harmonics  as  measured  at  various  currents. 
Measurements  of  the  median  plane  field  and  gradient 
strengths  versus  radius  are  shown  in  Figure  2.  Harmonic 
field  ratios  for  the  ramped  quadrupole  are  shown  in 
Figure  3. 

V.  ALIGNMENT 

The  RQs  will  be  measured  to  determine  their 
magnetic  axes,  fidudalizcd  and  aligned  using  MIT-Bates 
standard  methods14.  The  RQs  can  be  placed  in  the  SHR 
lattice  to  within  ±  100  microns  horizontally  and  vertically 
using  these  techniques. 


VI.  CONCLUSIONS 

The  requirements  for  a  relatively  fast  quadrupole  set 
to  rapidly  move  the  horizontal  tune  from  7.42  to  dose  to 
the  15  half  integer  value  for  smooth  resonant  extraction 
from  the  SHR  has  resulted  in  the  construction,  testing 
and  installation  of  the  above  described  units.  The  use  of 
ferrite  rings  to  both  boost  the  internal  fields  and  to 
provide  shielding  has  proved  successful  The  array  of 
conductors  has  provided  the  required  field  strengths  in  a 
relatively  simple  arrangement.  The  excitation  circuits 
while  not  finalized  appear  to  be  feasible  and  will  be 
constructed  ia  the  near  future.  The  system  to  produce  a 
resonantly  extracted  electron  beam  is  expected  to  be  tried 
in  the  2nd  Quarto1  of  this  year. 
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Byte)  and  dByte)/dx  versus  X  for  200  Amps  DC  for  RQ1 
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Abstract 

An  investigation  of  a  vacuum  failure  of  a  Lambertson 
magnet  has  resulted  in  a  program  to  re-evaluate  the 
materials  and  the  method  of  construction  of  these 
—|m««  Three  additional  failures  have  occurred  since  the 
first  event.  Lambertson  magnets  are  now  being  built  and 
repaired  based  on  knowledge  gained  through  research 
aimed  at  eliminating  this  type  of  failure  in  the  future. 

I.  INTRODUCTION 

A  Lambertson  consists  of  an  inner  core,  surrounded  by 
a  vacuum  skin,  an  outer  core  and  coils.  The  inner  core, 
consisting  of  a  stack  of  laminations,  tightly  enclosed  by  a 
vacuum  skin,  sits  inside  an  outer  core  of  stacked 
laminations.  There  is  a  cover  over  the  entire  top  of  the 
magnet. 

Over  a  two  year  period,  four  Lambertsons  were  found 
to  have  leaks  in  the  vacuum  skin.  In  addition,  three 
additional  Lambertsons  are  suspected  to  have  leaks.  As  a 
result  of  this,  an  investigation  was  conducted  and  a  repair 
and  replacement  program  was  instituted.  The  conclusion 
of  the  investigation  was  that  the  stainless  steel  vacuum 
skins  were  failing  due  to  intergranular  corrosion. 

Intergranular  corrosion  may  occur  when  the  stainless 
steel  undergoes  a  thermal  cycle,  called  sensitization. 
When  the  stainless  has  been  sensitized  there  is 
precipitation  of  a  carbide,  nitride  or  other  inter  metallic 
phase.  This  causes  the  dissolution  of  the  grain 
boundaries,  or  closely  adjacent  regions.  If  the 
precipitation  is  relatively  continuous,  the  depletion 
renders  the  stainless  steel  susceptible  to  intergranular 
corrosion.12! 

In  austenitic  stainless  steels,  such  as  the  type  used  for 
vacuum  skins,  the  cause  of  intergranular  attack  is  the 
precipitation  of  chromium  rich  carbides  at  grain 
boundaries.  This  leaves  the  stainless  steel  vulnerable  to 
rapid  attack  by  all  forms  of  corrosion.  Certain  alloys  that 
are  highly  resistant  to  general  and  localized  attack,  such  as 
the  300-  and  400-series  of  stainless  steels  can  be  affected 
by  intergranular  corrosion.  Sensitization  of  austenitic 
stainless  steel  can  occur  when  heated  in  the  range  of  42$ 
to  870C,  with  the  maximum  effect  occurring  near  67  $C. 
Sensitization  of  stainless  often  occurs  in  non-stabilized 
grades  during  the  welding  process. 

Stainless  steels  that  have  normal  carbon  content  but 
do  not  contain  any  carbide-stabilizing  elements  are  most 
susceptible  to  seasitization  and  intergranular  corrosion. 
Type  304  stainless  can  be  seasitized  in  about  1  minute  at 
677C.  The  most  common  stabilized  grades  of  stainless 
are  321,  347,  316Ti,  309Cb  and  310Cb.  These  stabilized 
grades  use  titanium,  or  niobium  with  tantalum  in 
concentrations  of  about  ten  times  the  carbon  content. 
When  these  grades  are  subjected  to  thermal  cycles  in  the 
seasitization  range,  the  carbon-stabilizing  element  forms  a 
precipitate  with  carbon  leaving  the  chromium  in  solution. 
The  stabilized  grade  remains  resistant  to  corrosion. 


Stabilized  grades  of  stainless  are  given  a  treatment  at 
the  mill  to  ensure  that  the  material  is  properly  stabilized. 
This  treatment  consists  of  heating  the  material  to  its 
solution  temperature  to  dissolve  any  carbide  that  may  be 
present  A  subsequent  beat  treatment  in  the  sensitization 
range  precipitates  carbides  with  the  stabilizing  element 
such  as  titanium,  as  opposed  to  chromium. 

Although  stainless  steels  are  susceptible  to  several 
forms  of  localized  corrosive  attack,  with  appropriate  grade 
selection,  stainless  steel  will  perform  for  very  long  times 
with  minimal  corrosion.  An  inadequate  grade  of  stainless 
can  corrode  and  perforate  more  rapidly  than  plain  carbon 
steel  will  fail  by  uniform  corrosion.  The  corrosion 
performance  of  stainless  steels  can  be  strongly  affected  by 
practices  of  design,  fabrication,  surface  conditioning  and 
maintenance.  Corrosion  failures  in  stainless  steels  can 
often  be  prevented  by  suitable  changes  in  design  or 
process  parameters  and  by  use  of  the  proper  fabrication 
technique  or  treatment. 

The  vacuum  skin  on  the  failed  Lambertsons  was 
analyzed  and  determined  to  be  type  304  stainless  steel. 
This  grade  could  not  provide  the  corrosion  resistance 
required  for  the  application.  In  addition,  the  material  was 
sensitized  during  the  fabrication  process  as  well  as 
exposed  to  corrosives. 

The  repair  and  rebuild  program  effected  not  only  the 
upgrade  of  stainless  steel  used,  but  re-evaluated  all  the 
fabrication  processes  as  well.  This  program  is  detailed  in 
the  following  paragraphs. 

n.  MATERIAL  SELECTION  & 
PREPARATION 

A.  Vacuum  Skin  Material  Selection 

Data  from  log  books  indicate  it  was  a  common 
occurrence  to  bake  the  inner  core  in  the  sensitization 
region.  Actual  samples  removed  from  the  failed  skins 
were  examined.  They  were  all  found  to  be  seasitized.  In 
addition,  samples  of  the  stainless  grades  used  for  vacuum 
jackets  were  subjected  to  the  conditioas  outlined  in  the 
log  book.  Under  microscopic  examination  all  the 
samples  proved  to  be  sensitized.  Type  321  stainless  is  a 
grade  that  has  been  stabilized  with  titanium  to  prevent 
chromium  carbide  precipitation.  Since  this  grade  is  the 
most  commercially  available  of  the  stabilized  grades,  321 
was  chosen  for  the  new  vacuum  skins.  Samples  of  the 
321  stainless  were  subjected  to  the  bake  conditioas  in  the 
log  book,  and  none  were  sensitized.  An  additional  test 
was  done  on  the  purchased  material  to  verify  that  the  321 
stainless  had  a  sufficient  concentration  of  the  stabilizing 
element,  titanium,  and  that  the  material  had  indeed 
received  a  stabilizing  treatment  at  the  mill.  l2J 

B.  Surface  Finish 

The  optimum  surface  finish  for  a  satisfactory  service 
life  should  be  one  that  is  smooth  and  free  from  surface 
imperfections,  scale  and  other  foreign  material.  Rough 
surfaces  are  more  likely  to  catch  dust,  sails  and  moisture. 
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which  can  contribute  to  corrosive  attack.  An  2BA  surface 
finish  is  an  example  of  a  smooth  surface  finish. 

Type  321  stainless  can  only  be  obtained  with  a  2D 
finish.  In  addition,  because  of  the  titanium  content,  this 
material  is  difficult  to  mechanically  polish. 
Electropolishing  proved  to  be  the  best  choice  for  this 
application. 

Electropolishing  can  reduce  the  micro-inch  value  of  a 
surface  by  33%  to  66%.  Electropolishing  removes  the 
"skin"  and  along  with  it,  all  sources  of  impurities  that 
could  become  a  point  for  corrosion,  litis  process 
provides  a  superior  resistance  to  corrosion  as  compared  to 
passivation. 

In  addition,  electropolishing  is  beneficial  in  vacuum 
applications  by  eliminating  gases,  vapors,  and  volatiles 
absorbed  on  surfaces,  which  would  later  be  released  during 
pump-down  for  high  vacuum.  !21 

C.  Vacuum  Skin  Cleaning 

Samples  taken  from  the  failed  vacuum  skins  revealed 
significant  amounts  of  chlorine  present  in  the  depleted 
grain  boundary  areas.  Steps  were  outlined  for  the  new 
type  321  stainless  steel  skins  to  keep  them  from  having 
contact  with  any  corrosives.!2) 

In  order  to  minimize  the  possibility  of  corrosion, 
chemicals  should  not  be  used  on  or  near  stainless  steel 
whenever  possible.  Any  chemical  that  does  come  into 
contact  with  the  stainless  steel  should  immediately  be 
washed  off,  followed  by  a  liberal  rinsing  with  alcohol 
then  distilled  water.  No  chemical  should  be  allowed  to 
remain  or  evaporate  on  the  stainless  steel. 

The  most  common  corrosive  is  chlorine,  such  as  in 
chlorinated  solvents,  tapping  compounds,  cutting  fluids 
and  fluxes.  Chemicals  containing  chlorine  should  never 
be  used.  Many  manufacturers  are  now  distributing  these 
types  of  products  in  a  non-chlorinated  form.!4)  Sensitized 
stainless  steel  in  combination  with  chlorine  is  especially 
likely  to  exhibit  extensive  corrosion.  Any  chlorine 
residue  can  initiate  corrosion  in  unsensitized  stainless 
.•teel,  particularly  if  the  steel  is  subsequently  heated. 
Hydrochloric  acid  formed  from  residual  amount  of  a 
common  solvent,  trichloroethylene,  has  caused  severe 
attack  in  stainless  steels. 

Oil  and  grease  can  be  removed  by  using  a  detergent 
and  water  solution.  Weak  concentrations  of  cleaners  that 
contain  phosphoric  arid  have  also  proved  to  be  successful 
in  removing  dirt  and  grease.!4)  All  cleaning  solutions 
should  be  rinsed  thoroughly  after  cleaning.  An  alcohol 
rinse  will  dissolve  any  cleaner  residue  left  Follow  this 
with  a  liberal  distilled  water  rinse,  then  dry  with  warm  air, 
dry  nitrogen  or  clean  wipes. 

D.  Storage 

Parts  that  will  be  stored  for  any  period  of  time  should 
be  wrapped  in  brown  Kraft  paper  and  placed  in  box.  The 
box  should  be  kept  in  an  out  of  the  way  area,  protected 
bom  weather  and  any  accidental  spills. 

E.  Lamination  Material  Selection 

Lamination  material  bom  the  original  Lambertsons 
still  remained  in  stock.  Inspection  and  testing  of  this 
material  revealed  the  coating  on  the  material  to  be 
protective  in  nature  but  not  offering  any  resistive 
properties.  Discussions  with  physicists  and 


manufacturers  culminated  in  a  specification  outlining  all 
required  properties  for  the  lamination  steel.!12)  Criterion 
was  set  for  acceptance  testing  of  the  material.  These  tests 
were  done  by  Fennilab  or  an  independent  vendor. 

It  was  mandatory  that  vendors  not  use  any  chlorinated 
solvents  on  lamination  material,  since  the  lamination 
stack  is  encased  by  the  321  stainless  skin. 

F.  Lamination  Cleaning 

Laminations  were  washed  by  Fermilab  before 
stacking.  They  were  cleaned  in  an  automated  cleaner  with 
a  solution  of  detergent  and  water.  Laminations  were 
rinsed  and  hot  air  dried.  After  washing,  laminations  were 
vacuum  baked  to  improve  permeability,  reduce  core  loss, 
reduce  absorbed  gases  and  as  a  final  cleaning.!3) 

in.  ASSEMBLY  MODIFICATIONS 

A.  Stacking 

Failed  inner  core  vacuum  skins  can  be  replaced  by 
removing  the  old  skin  and  replacing  it  with  a  new  skin. 
Because  of  the  difficulty  involved  in  the  reskinning  as 
well  as  the  alarming  frequency  with  the  failures  were 
occurring  a  derision  was  made  to  make  more  spare  cores. 
In  the  case  of  a  failure  the  entire  inner  core  could  be 
replaced  with  a  new  inner  core.  The  failed  inner  core 
could  then  be  allowed  to  cool  to  an  acceptable  radiation 
level  for  repair.  The  reskinning  would  take  place  at  a 
more  relaxed  pace. 

Previously  built  Lambertsons  have  a  press  fit  between 
the  cores,  due  to  the  curvature  of  the  inner  stack. 
Examination  of  the  cores  proved  this  to  be  true,  as 
indicated  by  hammer  marks  as  well  as  laminations  out  of 
alignment  with  the  stack. 

The  failed  inner  core  had  relatively  deep  scratches  on 
the  exterior  of  the  vacuum  skin,  apparently  from  the 
process  of  assembling  the  inner  core  into  the  outer  core. 
Scratches  like  these  can  contribute  to  the  failures,  by 
becoming  a  corrosion  site. 

Tie  bars  are  welded  along  the  stack  of  laminations  to 
bold  them  in  alignment.  The  laminations  generally  have 
four  tie  bar  slots,  two  along  the  top  and  two  along  the 
bottom.  The  laminations  were  previously  stacked  with 
two  of  these  slots  on  top  and  two  on  the  bottom.  This 
required  that  the  two  top  tie  bars  were  welded,  the  stack 
turned  over,  and  the  remaining  two  tie  bars  welded.  This 
manipulation  of  the  lamination  stack  (approx.  20ft  long) 
with  little  or  no  support  on  the  three  remaining  sides 
caused  laminations  to  move  out  of  alignment.  The 
deformation  was  permanent  and  led  to  the  assembly 
problems,  and  corrosion  sites. 

Unfortunately  we  were  not  able  to  change  the 
lamination  design.  If  we  had  been  able  to  do  so,  careful 
reevaluation  of  the  lamination  shape  could  have  reduced 
some  stacking  problems. 

The  new  replacement  inner  cores  were  stacked  at  90° 
from  the  original  stacking  position.  This  left  all  four  tie 
bar  slots  exposed.  All  tie  bars  are  welded  before  the 
lamination  stack  is  moved.  In  addition  all  welding  is 
alternated  to  eliminate  any  heat  concentration  in  one  area, 
which  can  lead  to  stack  deformation  as  well.  After 
stacking  the  core  is  straight  to  approximately 
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After  welding,  (be  resulting  inner  core  stack  is  straight 
to  less  than  1/4"  from  end  plate  to  end  plate, 
approximately  20ft. 

In  the  same  manner,  the  outer  core  stacking  procedure 
was  changed.  Outer  cores  have  eight  tie  bars  ami  three  tie 
plates.  The  new  procedure  calls  for  all  tie  bars  and  plates 
with  the  exception  of  the  two  smallest  tie  bars  to  be 
welded  before  moving  tire  stack.  Welding  is  done  in  the 
same  fashion  as  on  the  inner  core.  Outer  awes  are  then 
surveyed.  If  the  alignment  along  the  inside  edge  varies  by 
more  than  .007"  over  the  length  of  the  ctxe,  shrink  weldis 
are  woMfr-  on  the  tie  plates  to  bring  the  core  back  into 
alignment.!5) 

B.  Skinning 

The  focus  in  skinning  the  inner  core  was  to  move  the 
core  and  handle  the  materials  as  infrequently  as  possible. 
Every  time  an  inner  core  is  moved  during  skinning,  it  is 
supported  on  a  minimum  of  two  sides.  The  'top'  skin  is 
placed  on  a  skinning  table,  then  the  inner  core  is  placed 
on  this  skin.  The  remaining  pieces  to  form  the  vacuum 
jacket  are  then  welded  around  the  inner  core.  The  top  skin 
is  tack  welded  in  place  before  the  skinned  inner  core  is 
turned  over  and  the  final  welds  made.!5) 

C.  Baking 

After  the  inner  core  has  been  skinned  and  leak  checked, 
it  undergoes  a  vacuum  bake.  The  core  is  baked  for  14 
days.  Special  controllers  on  the  heat  tapes  make  sure  that 
the  temperature  never  exceeds  400C.  After  the  bake  is 
completed  another  leak  check  is  done.  Ion  pumps  are  then 
turned  on  and  left  to  run  until  the  vacuum  reaches  lxlO*9 
Torr.  The  inner  core  is  then  ready  for  assembly  or 
storage.!5)*!8) 

D.  Assembly 

In  preparation  for  assembly,  the  outer  core  is  placed 
on  the  assembly  table.  The  outer  awe  sits  on  level 
support  bars.  The  coil  is  installed  in  the  outer  core  with 
spacer  insulation  in  the  space  between  the  two  cores.  The 
inner  core  is  lifted  by  four  lifting  eyes  that  are  welded  to 
the  tie  bars.  The  inner  core  is  centered  in  the  beam 
direction  over  the  outer  core  and  slowly  lowered.  There  is 
a  slight  clearance  between  the  two  cores  if  they  are  both 
perfectly  straight.  The  inner  core  is  lowered  into  the  outer 
core  as  far  as  it  will  freely  go.  If  the  inner  core  is  not 
completed  sealed,  bars  are  then  placed  across  the  inner  core 
to*  help  push  it  into  place.  There  is  protective  cribbing 
placed  between  the  bars  and  the  vacuum  skin  before  the 
bars  are  bolted  to  the  table.  In  increments  of  no  more 
than  1/4"  the  awe  Is  lowered  by  tightening  down  the  bars, 
alternating  along  the  length  of  the  core.  After  the  inner 
core  is  completely  seated,  the  cover  is  bolted  in 
p,ace.[5M6l.[7] 

E.  Disassembly 

In  the  event  a  Lambertson  needs  to  be  disassembled, 
such  as  a  vacuum  failure  or  for  inspection,  a  special 
fixture  has  been  built  few  this  purpose.  In  the  past,  the 
inner  core  was  pulled  by  the  lifting  eyes  on  one  end  then 
the  other  until  the  inner  core  was  jarred  loose.  The  new 
fixture  pulls  on  all  four  lifting  eyes  with  a  constant  force, 
eliminating  any  possibility  of  plastic  deformation  from 
the  extraction.!1) 


F.  Surveying  The  Completed  Assembly 

After  assembly  there  is  a  final  survey  of  the  magnet, 
to  assure  the  required  straightness  through  the  aperture. 
The  magnet  is  placed  on  a  granite  table  and  a  target  is 
pulled  through  the  magnet  Measurements  are  plotted  to 
determine  where  the  magnet  needs  straightening.  Shrink 
welds  are  made  on  the  outer  core  to  pull  the  magnet  into 
the  desired  alignment  After  each  shrink  weld  has  cooled, 
the  aperture  is  measured  again.  The  data  is  replotted  and 
shrink  welds  made  as  needed.  This  procedure  continues 
until  the  entire  magnet  is  within  .007"  over  its  entire 
length.!5) 

IV.  CONCLUSION 

The  Lambertson  upgrade  program  has  produced 
magnets  which  have  an  increased  life  expectancy  over  the 
previous  magnets.  After  final  survey  these  new  magnets 
are  also  much  straighter  through  the  aperaltire,  since  they 
were  much  straighter  throughout  the  assembly  process. 
Careful  evaluation  of  every  step,  from  material  selection 
to  final  assembly  procedure  is  responsible  for  the  success 
of  this  program.  All  steps  outlined  above  are  well 
documented  in  procedures,  sign  off  sheet  and  log  books. 
This  program  is  proof  that  extra  time  spent  in  the  design 
aad  planning  phases  of  a  program  can  produce  superior 
it  suits. 

All  documents  related  to  this  program  can  be  obtained 
through  the  author. 
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Abstract 

A  proposed  redesign  of  the  SLAC  SLC  Damping 
Ring  requires  a  combined- function  bending  magnet.  The 
magnet  will  operate  with  a  main  field  of  1.8338  T,  and 
quadrupole  and  sextupole  gradients  dBy/dx ,  d?Bv/dx2  of 
-14.1  T/m  and  —477  T/m3,  respectively.  Because  the  or¬ 
bit  sagitta  in  the  magnet  is  in  excess  of  2  cm,  the  pole  will 
be  curved  with  a  2  m  radius  of  curvature.  Furthermore, 
since  the  current  must  be  variable  over  a  range  of  ±2  per¬ 
cent,  we  have  considered  using  vanadium  permendur  poles 
to  avoid  adverse  saturation  effects.  Studies  were  done  us¬ 
ing  POISSON  in  2-D  and  TOSCA  for  3-D  end  effects. 

I.  INTRODUCTION 

A  possible  redesign  of  the  Stanford  Linear  Collider 
(SLC)  damping  rings  is  under  consideration  [1].  The  new 
ring  is  designed  to  have  horizontal  equilibrium  emittances 
of  7 e,  as  9  x  10~'  ro-rad;  this  is  over  three  times  smaller 
than  that  in  the  current  SLC  damping  rings.  The  reduc¬ 
tion  in  the  emittance  is  achieved  by  replacing  the  present 
bending  magnets  with  combined  function  magnets.  The 
bends  are  68  cm  long  and  operate  with  a  main  field  of 
1.83  T  for  a  beam  energy  of  1.19  GeV.  They  have  both 
quadrupole  and  sextupole  gradients  of  dBv/dx  =  -14.1 
T/m  and  cPBy/dx2  =  —477  T/m3.  Each  magnet  will  re¬ 
place  two  of  the  present  SLC  damping-ring  bend  magnets 
which  are  30.4  cm  long  and  have  peax  fields  of  2.02  T.  Fi¬ 
nally,  the  beam  orbit  has  a  2.2  meter  radius  of  curvature 
and  a  sagitta  of  2.7  cm  in  the  68- cm  bends.  Thus,  the  pole 
needs  to  be  curved,  following  the  beam  trajectory,  to  pre¬ 
vent  variation  of  the  bending  field  and  gradient  through 
the  magnet. 

The  magnetic  gap  in  the  bends  was  chosen  to  be  equal 
to  the  aperture  in  the  quadrupoles,  1.3  cm  radius.  This  al¬ 
lows  a  constant  radius  vacuum  chamber  without  the  aper¬ 
ture  transitions  that  can  increase  the  impedance  of  the 
ring.  But,  this  2.6-cm  gap  is  30%  larger  than  the  gap  in 
the  current  damping  ring  bends,  and  thus  makes  it  harder 
to  achieve  the  desired  field  quality. 

We  decided  to  design  the  pole  with  vanadium  permen¬ 
dur  because  of  its  high  saturation  inductance.  This  allows 
us  to  achieve  the  desired  field  quality  while  reducing  the 
fringe  fields.  It  also  prevents  differential  saturation  across 
the  pole  so  that  when  the  main  field  is  changed  by  ±2%, 
the  relative  strength  of  the  gradients  changes  by  less  than 
10~s  and  higher-order  multipoles  are  not  introduced;  this 
would  allow  the  energy  of  the  damping  ring  to  be  varied 
in  a  straightforward  manner. 


*  Work  supported  by  Department  of  Energy,  contract 
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In  the  following  sections,  we  describe  the  design  cal¬ 
culations  using  POISSON  [2]  and  TOSCA  [3),  then  we  dis¬ 
cuss  some  of  the  properties  of  and  experience  with  vana¬ 
dium  permendur,  and  finally,  we  describe  the  construction 
tolerance  calculations. 

II.  DESIGN  CALCULATIONS 

The  bending  magnets  are  18°  sector-bend  magnets. 
The  beam  alters  and  exits  at  right  angles  to  the  pole  face, 
although  we  plan  to  introduce  a  rotation  to  compensate  for 
quadrupole  roll-off  due  to  end  effects.  The  first  computer 
studies  were  done  using  POISSON,  starting  from  an  ap¬ 
proximation  to  the  pole  face  that  was  obtained  with  poten¬ 
tial  theory.  The  poleface  optimization  program  MIRT  [4] 
was  then  used  to  shape  the  pole  such  that  the  required 
field  harmonics  were  obtained  within  a  1-cm  radius  of  the 
beam  path.  The  pole  profile  is  shown  in  Figure  1.  The 
pole  is  11.4-cm  wide  at  the  base  and  has  a  height  of  7.3 
cm.  It  is  curved  with  a  2.2-meter  radius  of  curvature  and 
the  beam  path  is  offset  1.6  cm  horizontally  from  the  center 
of  the  pole  where  the  half  gap  is  1.3  cm. 

A  profile  of  the  full  magnet  is  shown  in  Figure  2.  The 
yoke  is  only  slightly  larger  than  those  in  the  existing  SLC 
damping-ring  bend  magnets.  An  extra  layer  of  coil  has 
been  used  so  that  the  1.8  Tesla  field  cculd  be  generated 
with  300  amps;  this  is  well  within  the  capacity  of  the 
present  power  supplies. 


Coil  - 
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Figure  1  Pole  profile  of  the  bending  magnet;  the  main  mag¬ 
netic  field  is  1.83  T  with  gradients  of  dBy/dx  =  —14.1  T/m 
and  d2Bv/dx 3  ”  —477  T/m3. 


TOSCA  was  used  to  study  the  effects  of  the  ends  on 
harmonic  content.  Two  views  of  the  mesh  are  shown  in 
Figures  3  and  4.  The  coil  is  a  saddle  coil  because  there 
is  very  little  space  between  magnets  in  the  damping  rings. 
We  used  the  version  of  TOSCA  that  is  running  on  the 
NERSC  CRAY  2  at  Lawrence  Livermore  National  Labo¬ 
ratory.  The  curvature  of  the  magnet  was  ignored  in  the 
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Figure  2  Profile  of  the  bending  magnet;  the  pole  ie  deeigned 
with  Vanadium  Per  mend  ur  while  the  yoke  is  to  be  constructed 
of  magnet  iron;  all  dimensions  are  in  centimeters. 


Figure  3  TOSCA  finite  dement  mesh  for  the  combined  func¬ 
tion  bending  magnet  showing  the  coil  position.  Only  one  half 
of  the  iron  need  be  modeled,  but  the  full  set  of  coils  is  required. 

3-D  modeling.  The  problem  was  run  with  cylindrical  sym¬ 
metry  in  POISSON  with  a  2.2-m  radius  and  no  significant 
change  was  observed  in  field  distribution. 

The  harmonic  content  versus  longitudinal  position  in 
the  magnet  is  shown  i;.  Figure  5.  Field  uniformity  within 
the  magnet  is  good  and  the  fringing  fields  decay  rapidly. 
Without  chamfered  nose  pieces,  the  effective  length,  ob¬ 
tained  from  TOSCA,  is  6%  longer  than  the  physical  length. 
The  two-dimensional  harmonics  obtained  with  TOSCA 
varied  from  MIRT  results  because  the  number  of  points 
on  the  pole  face  was  smaller.  The  quadrupole  component 


Figure  4  Alternate  view  of  the  TOSCA  finite  dement  math 
for  the  bending  magnet. 


v«3  Z  (cm)  73MA3 

Figure  5  Harmonic  content  versus  longitudinal  position  in  the 
bend;  (a)  main  field,  (b)  quadrupole  component  at  r=l  cm,  and 
(c)  sextupole  component  at  r=l  cm. 

was  0.36  percent  higher  and  the  sextupole  5.2  percent 
lower.  When  integrated  over  the  length  of  the  magnet, 
the  quadrupole  component  decreases  in  absolute  value  by 
6  percent,  while  the  sextupole  increases  in  absolute  value 
by  8  percent.  Work  is  in  progress  to  correct  these  effects 
with  a  combination  of  pole-end  rotation  and  shaping. 


2881 


III.  VANADIUM  PERMENDUR 

Vanadium  permendur  is  an  Alloy  of  iron  and  cobalt  in 
equal  proportions  with  about  2  percent  vanadium  and  has 
been  discussed  in  previous  papers  [5,6].  It  has  a  steep  B-H 
curve  and  a  high  saturation  induction  near  2.3 

T,  that  makes  it  useful  in  the  design  of  msgnets  in  cases 
where  fields  are  high,  but  constant  magnetic  properties  are 
desired. 

So  far,  five  magnets  using  vanadium  permendvr  poles 
have  been  built  at  SLAC.  We  changed  our  annealing  pro¬ 
cedure  to  a  lower  temperature  than  used  in  Reference  5. 
Machining  can  be  difficult  unless  the  material  is  annealed 
first.  At  present,  our  procedure  calls  for  a  four-hour  an¬ 
neal  at  750°C  with  a  slow  cool.  A  second  annealing  process 
is  done  before  the  final  machining.  The  procedure  leaves 
roughly  0.5  mm  for  final  machining.  One  problem  which 
was  encountered  with  our  first  magnet  of  this  type  was 
that  the  material  had  been  forged  and  some  distortion  was 
encountered  during  annealing.  This  is  the  reason  for  doing 
a  second  anneal  before  final  machining. 

IV.  CONSTRUCTION  ERRORS 

It  was  initially  thought  that  the  construction  toler¬ 
ances  on  this  combined-  function  magnet  would  be  very 
tight.  Fortunately,  this  does  not  seem  to  be  the  case.  Dy¬ 
namic  aperture  calculations  show  that  random  quadrupole 
and  sextupole  field  tolerances  of  AB\  ^  0.14  T/m  and 
ABi  £  9.5  T/ma,  and  random  and  systematic  octupole 
field  tolerances  of  ABj  £  50  T/m3  are  acceptable;  higher 
multipoles  were  not  considered.  In  addition,  tuning  studies 
show  that  recovery  is  possible  from  even  larger  systematic 
quadrupole  and  sextupole  field  errors.  Finally,  the  emit- 
tanoe  coupling  sets  a  tolerance  of  ASj  ^  0.1  T/m  on  the 
skew  quadrupole  field. 

Thus,  we  have  studied  five  sources  of  error:  accuracy 
of  the  alignment  fidudals  relative  to  the  magnetic  center, 
relative  horizontal  alignment  of  the  two  poles,  variation  of 
the  magnet  gap,  flatness  of  the  pole  base  and  the  yoke,  and 
the  accuracy  of  the  pole  contour.  The  first  three  sources  do 
not  need  explanation.  The  fourth  effect,  the  flatness  of  the 
pole  base  and  the  yoke,  principally  changes  the  quadrupole 
component  and  skew  quad  component  because  the  angle 
of  the  pole  contour  is  changed  when  the  pole  is  bolted  to 
the  yoke. 

The  last  effect  refers  to  the  accuracy  of  the  pole  con¬ 
tour.  Assuming  a  systematic  sinusoidal  variation  of  the 
pole  contour:  f(x)  =  fduign(x)  +  asin(Jkx  +  <t>)>  we  can 
calculate  the  multipole  component  using  a  perturbative 
expansion: 


A  Bn  kn+1 

Bq  asinh(kh)  ’ 


(1) 


where  h  is  the  half  gap  and  k  is  2ir/A  of  the  error.  The 
tolerance  listed  in  Table  1  corresponds  to  the  sextupole 
tolerance;  the  quadrupole  tolerance  is  a  factor  of  three 


looser  and  the  octupole  tolerance  aril)  be  tighter.  Al¬ 
though  this  tolerance  is  tight,  it  is  important  to  note 
that  it  applies  only  to  a  systematic  error  along  the 
entire  length  of  the  pole.  If  the  phase  of  the  sinu¬ 
soidal  error  varies  along  the  magnet,  the  effect  will  av¬ 
erage  to  a  smaller  contribution.  Finally,  these  results 
were  verified  with  POISSON  calculations. 


Table  1.  Construction  tolerances. 


Fiducial:  X 

±150 fan 

Fiducial:  Y 

±100  |im 

Pole  offset:  x 

±300  pm 

Full  gap:  g 

±140  /an 

Flatness:  y 

±50  pm 

Pole  contour:  a  with  A  »  2.5  cm 

5pm 

V.  DISCUSSION 


We  described  a  high- field  combined-function  bending 
magnet  that  uses  vanadium  permendur  for  the  magnet 
pole.  We  conclude  that  it  should  be  feasible  to  build  the 
magnet,  provided  that  proper  quality  control  is  exercised 
during  construction.  Previous  experience  has  shown  that 
vanadium  permendur  can  be  used  in  this  application,  al¬ 
though  it  is  quite  expensive  at  this  time.  We  plan  to  mea¬ 
sure  the  field  quality  by  means  of  a  Hall  probe  mounted  on 
a  computer-controlled  positioning  device.  This  device  has 
been  used  to  obtain  field  maps  of  several  magnets  at  SLAC. 
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Abstract 

Three  dimensional  computer  calculations  using  the 
Program  TOSCA  have  been  made  for  a  complex-shaped  iron 
magnet.  Precisian  field  measurements  were  made  on  this 
magnet  in  preparation  for  its  installation  in  a  new  Low  Energy 
Separated  Beam  for  die  poat-Booeter  high  proton  intensity 
AGS  at  Brookhaven  National  Laboratory.  Point-by-point 
direct  comparisons  for  field  values  will  be  described  en¬ 
compassing  the  entire  useful  acceptance.  The  predictability  of 
higher  order  multipoles  will  be  described,  including  the  region 
of  die  magnet  ends.  Computer  predicted  focal  properties  will 
be  compared  with  results  of  experimental  data  analysis.  The 
method  of  measurement  and  analysis,  as  well  as  comments  an 
tbe  computer  calculations  will  be  described.  Conclusions  will 
be  drawn  on  the  accuracy  of  calculations  with  respect  to 
higher  order  moments  and  the  impact  on  future  beam  optical 
design  and  execution  of  three  dimensional  computer  codes. 

I.  DESCRIPTION  OF  MAGNET 

The  sector  magnet  for  the  LESBm  is  shown  in  Fig.  1. 
Following  the  target  two  quadruples  form  tbe  beam  which 
dun  enters  die  sector  magnet  and  is  beat  through  44.1 
degrees.  An  electrostatic  separator  follows  the  sector  magnet. 
The  LESBUI,  which  operates  up  to  800  MeV/c  in  momentum, 
traverses  die  sector  magnet  as  a  parallel  beam  in  the  vertical 
plane  and  almost  parallel  in  the  horizontal  plane.  Protons 
which  survive  the  target  and  two  secondary  beams  are  of 
much  higher  momentum,  so  are  only  deflected  slightly  by  the 
straight  away  portion  of  the  sector  magnet.  Thus  the  straight 
away  portion  has  parallel  pole  edges  for  the  upstream  and 
downstream  ends.  (See  Fig.  1.)  The  magnet  gap  is  6  inches 
and  the  length  of  die  pole  tips  in  the  forward  direction  is  48 
inches. 

H.  METHOD  OF  MAGNETIC 
MEASUREMENTS. 

Point-like  search  coils  were  mounted  on  a  moveable 
trolley.  A  straight  track  was  used  in  die  forward  direction. 
A  curved  trade  which  traversed  44.1  degrees  with  the  same 
radius  of  curvature  as  the  LESBUI  central  ray  was  used  for 
the  LESB  portion  of  the  field. 

Both  die  straight  track  and  the  44.1  degree  track  were 
displaced  horizontally  to  map  die  entire  acceptance  of  both 
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beams.  For  the  44.1  degree  beam,  data  was  also  taken  with 
the  straight  track  normal  to  the  pole  end  faces  and  displaced 
sideways.  With  die  combination  of  data  the  basic  and 
dominant  pole  edge  fringe  field  can  be  well  described  and 
small  discrepancies  between  mechanical  and  magnetic  lengths 
can  be  removed  from  the  ray  traces. 

Beyond  the  pole  tip  ends,  both  tracks  extended  outward 
through  the  fringe  fields  in  a  direction  normal  to  the  pole  edge 
face.  Hall  probe  measurements  were  used  to  supplement  the 
search  coil  measurements  in  the  far  flinging  fields. 

NMR  was  used  at  dm  center  of  the  magnet  to  normalize 
the  search  coil  signal  to  absolute  Gauss.  All  data  was  taken 
on  a  down  eycle,  starting  from  a  few  percent  above  the 
highest  nominal  field  to  minimize  magnetization  effects. 

The  field  was  recorded  at  a  very  large  number  of  linearly 
encoded  longitudinal  positions.  The  field  was  substantially 
known  everywhere  relevant  in  the  magnet  at  a  variety  of 
central  field  values. 

in.  COMPUTER  PREDICTIONS  VERSUS 
MAGNETIC  FIELD  MEASUREMENTS. 

The  requirements  for  extensive  field  mapping  provided  an 
excellent  opportunity  to  check  the  precision  of  computed 
fields.  Calculations  were  made  on  TOSCA  using  mechanical 
data  for  the  iron  and  coil  geometry  and  a  nominal  1006  per¬ 
meability  table.  Figure  2  shows  the  measured  field,  passing 
entirely  through  the  magnet,  at  the  center  of  the  0  degree 
forward  beam.  Superimposed  is  die  TOSCA  generated  field. 
At  the  level  of  visual  inspection,  i.e.  about  1%,  the  results 
including  the  fringing  fields  are  indistinguishable.  Thus  the 
horizontal  deflection  and  vertical  edge  focusing  will  be  very 
well  predicted  by  TOSCA.  Note  that  the  central  field 
normalization  is  done  based  on  measurements,  since  the 
computations  do  not  include  magnetization.  However  beam 
optical  properties  do  not  depend  on  absolute  magnitudes  to 
high  precision  in  most  cases. 

Figure  3  shows  a  point-by-point  difference  between  the 
measured  and  computed  fields,  again  for  the  zero  degree 
central  ray. 

Figure  4  shows  an  azimuthal  first  difference  between 
adjacent  measured  points.  Note  the  near  identity  of  the  first 
difference  on  both  ends:  the  peak  amplitude  and  tbe  width  at 
half  maximum.  Also  note  tbe  flatness  over  more  than  half  of 
the  magnetic  length.  Furthermore,  the  point-to-point  jitter  in 
the  data  due  to  either  positional  error  or  field  measurement 
error  is  at  the  1  x  10"*  level  of  field. 
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Referring  beck  to  Fig.  3,  we  must  conclude  that  the 
differences  an  mainly  due  to  errors  in  the  computed  fields. 
The  antisymmetric  peris  of  the  peeks  at  -SO  cm  and  +50  cm 
could  be  simply  (hie  to  a  displacement  of  the  Z-0  of  the 
experiment  compared  to  TOSCA.  In  other  words,  any  Z=0 
displacement  will  qualitatively  look  like  Fig.  4. 

Note  in  Fig.  3  that  on  either  side  of  Z»0  them  is  a  lack 
of  flatness,  at  the  few  parts  in  10*  level,  which  must  be  in  the 
TOSCA  results.  Also  the  peaks  which  approach  greater  than 
1  %  difference,  do  not  occur  at  the  regions  of  the  maximum 
slope  of  Fig.  2.  This  indicates  slight  errors  in  prediction,  not 
Z  displacement. 

Figure  5  shows  die  experimental  field  measured  along  the 
central  ray  of  the  44. 1  degree  LESBm  beam.  Figure  6  shows 
the  first  difference  in  the  direction  of  the  beam  of  the 
measured  field  data.  As  was  seen  from  Fig.  4,  the 
smoothness  of  the  data  shows  the  measurements  an  of  high 
accuracy.  Note  in  Fig.  6,  the  differences  an  expressed  per 
inch  of  displacement,  whereas  in  Fig.  4  the  differences  wen 
per  .050  inches.  Thus  the  amplitude  of  die  first  difference  is 
20  times  bigger  at  the  peaks  in  Fig.  6  compared  to  Fig.  4. 
The  upstream  peak  is  otherwise  the  same  in  both  cases,  since 
the  upstream  end  is  common  to  both  the  0  degree  and  the 
44.1  degree  beams.  Again,  the  downstream  peak  at  44.1 
degrees  is  almost  identical  to  the  upstream  peak,  indicating 
die  magnet  has  essentially  the  same  fringing  field  shape 
entering  and  leaving  both  beams.  This  result  strengthens  the 
interpretation  that  errors  in  the  measured  field  data  are  not 
responsible  for  the  differences  seen  in  Fig.  3. 

Table  I  lists  for  die  0  degree  beam  central  my  (x=»0)  and 
at  several  parallel  displaced  lines  the  measured  and  computed 
field  integral.  The  calculated  field  at  the  magnet  center  was 


normalized  to  the  experimental  value,  so  the  differences  are 
due  to  differences  in  relative  field  shape  along  the  length  of 
the  magnet,  including  ends. 

The  last  column  indicates  TOSCA  agrees  with  experiment 
to  about  1/3  percent  discrepancy.  The  last  column  is  identical 
to  an  integration  over  Z  of  the  point-by-point  differences  in 
Fig.  3.  The  first  column  shows  the  measured  field  is  quite 
uniform  inside  the  magnet. 

IV.  DISCUSSION 

1.  Figure  2  shows  the  agreement  of  field  shape  between 
TOSCA  and  experiment  azunuthally  through  the  magnet  is 
good  enough  to  very  well  predict  horizontal  deflection  except 
for  the  most  exacting  precision  requirements. 

2.  The  vertical  or  wedge  focusing  should  also  be  predicted 
quite  well,  since  the  field  shape  in  the  rapidly  changing  end 
region  is  quite  close  to  experiment  and  the  vertical  focus  end 
impulse  is  not  very  sensitive  to  exact  details. 

3.  Transverse  nonlinearities  in  the  horizontal  and  vertical 
planes,  based  on  these  limited  results,  may  not  be  adequately 
known  for  high  precision  beams  from  TOSCA  alone. 

4.  The  large  body  of  measurement  data  that  exists  on  this 
and  other  spectrometers  will  permit  further  studies  of 
computer  predictions  of  aberrations. 

5.  It  is  clear  that  even  at  the  level  demonstrated  by  these 
early  comparisons,  TOSCA  does  a  very  good  job. 
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01  ZERO  DEGREE  CENTRAL  RAY  AZIMUTHAL  FIELD 
MEASURED  FIELD  AND  TOSCA  PREDICTED  FIELD 
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Design  and  Performance  of  the  Dipole  Magnet  for  the  SRRC  Storage  Ring 

C.H.  Chang,  H.C.  Liu,  and  GJ.  Hwang 
Synchrotron  Radiation  Research  Center 
No.  1  R&D  Road  VI,  Science-Based  Industrial  Park,  Hsinchu  30077,  Taiwan 


Abstract 

22  combined  function  dipole  magnets  have  been 
fabricated  for  the  SRRC  storage  ring.  The  dipole  magnet  is  a 
curved  shaped  with  rectangular  edges  which  creates  a 
nominal  field  strength  of  1.2407  Tesla  and  a  gradient 
strength  of  1.71  T/m  along  the  magnetic  center  at  1.3  GeV. 
The  errors  of  dipole  and  quadrupole  fields  in  the  radial 
direction  is  within  ±lxl0*4  and  ±2x10*3  over  the  useful 
aperture.  The  deviations  of  the  integrated  dipole  field  aid  the 
quadrupole  field  strength  for  all  the  22  magnets  are  smaller 
than  ±1x10*3  and  ±2x1 0"3  ,  respectively.  Shims  with 
thickness  3  mm  are  added  on  each  pole  edge  for  correcting 
the  sextupole  component  in  the  end  fringe  field. 

I.  INTRODUCTION 

A  third  generation  1.3  GeV  synchrotron  radiation 
accelerator  has  been  constructed  in  Taiwan  by  March,  1993. 
The  magnet  lattice  is  designed  with  a  6-superperiod  triple 
bending  achromatic  (TBA)  structure  for  a  minimum  beam 
emittance  machine  and  easy  adjusting  optics  and  tunes.  Each 
superperiod  is  20  meter  long  and  contains  three  combined 
function  bending  magnets,  eight  quadruples,  four  sextupoles 
and  nine  correction  magnets.  The  1.22  m  bending  magnet  is 
a  curved  shape  with  rectangular  edges.  The  radius  of 
curvature  of  the  bending  magnet  is  3.49S  m  and  it  bends  the 
electron  beams  by  20  degrees.  The  main  nominal 
characteristics  of  the  dipole  magnet  are  shown  in  table  1. 

Table  1  Main  characteristics  of  dipole  magnet 


Magnetic  length 

m 

1.22 

Nominal  field 

T 

1.2407 

Field  gradient 

T/m 

1.7102 

Magnet  gap  on  center 

mm 

52 

Good  field  (width  x  height) 

mm 

60x24 

Number  of  turns 

56 

Current 

A 

939 

Current  density 

A/mm2 

4.4 

Voltage  drop 

V 

14.2 

The  nineteen  dipole  magnets  are  electrically  connected  in 
series  with  a  power  supply.  The  dipole  magnets  must  have  the 
same  good  quality  to  provide  a  large  dynamic  aperture.  The 
typical  criteria  for  the  relative  integrated  field  errors  are 
J(AB/B)ds  S  ±2xl0*4  and  I(AG/G)ds  £  ±2xl0*3  in  the  ±  12 
mm  field  region. 

n.  MAGNET  DESIGN 

After  evaluation  of  the  TBA  dipole  magnet  prototype  I 
with  center  air  gap  30  mmj^  the  distribution  of  the 
difference  between  the  calculated  and  measured  fields  AB/B 
and  AG/G  in  the  midplane  are  quite  small.  They  showed  that 


the  quality  of  the  pole  profile  is  within  the  tolerance.  But  the 
effective  dipole  length  is  9  mm  longer  the  designed  value 
and  J  Gds  /  J  Bds  is  found  to  be  3.3%  smaller  than  the  design 
constant  value  1 .293  due  to  edge  saturation  effects.  In  order 
to  compensate  these  deviations.  The  field  gradient  is 
increased  from  1.60444  T/m  to  1.7102  T/m  and  the  stacking 
core  length  is  shorten  9  mm.  The  original  1.8  mm  clearance 
between  magnet  and  vacuum  chamber  for  the  prototype  I  was 
too  tight  for  the  vacuum  heater  and  thermal  insulator.  The 
temperature  rise  of  local  iron  core  was  over  33^  C  when  the 
vacuum  chamber  was  baked  up  to  130°  C.  To  avoid  the  core 
deformation,  the  nominal  magnet  gap  is  modified  from  30 
mm  to  32  mm. 

The  combined  function  bending  magnet  is  specified  to 
produce  a  magnetic  field  strength  of  1.2407  Tesla  at  the 
nominal  gap  of  32  mm  and  a  defocusing  field  gradient  of 
1.71T/m  for  the  1.3  GeV  energy.  The  geometry  of  pole 
profile  is  given  by  the  equivalent  magnetic  potential  line.  In 
the  neighborhood  of  the  central  orbit,  the  magnetic  potential 
V  at  a  point  P(x,z)  may  be  described  by  V(x,z)=  -Bo  z  (l±kx) 
The  C  type  magnetic  circuit  was  chosen  for  easy  extraction  of 
the  photon  beam  lines.  The  configuration  of  dipole  magnet  is 
shown  in  Fig.l.  The  two  dimensional  field  distribution  was 
calculated  using  the  "MAGNET"  and  the  "POISSON" 
computer  code.  A  current  density  of  4.43  A/mm2  was  chosen 
for  balancing  between  construction  and  operation  costs.!?] 
The  optimal  field  quality  is  computed  at  1.3  GeV  energy  to 
obtain  the  pole  profile  in  the  good  field  region.  The  good 
field  region  includes  the  allowance  for  the  required  beam  stay 
clear.  A  good  field  of  width  greater  than  60  mm  for  AB/B  S 
±2x1 0"4  and  AG/G  S  ±2xl0*2  is  shown  in  Fig.2  and  Fig.  3 
respectively. 

Several  different  mesh  sizes  were  calculated  for 
checking  the  field  errors.  The  field  saturation  was  checked 
with  1.0  -13  GeV  energy.  The  field  sensitivity  is  analyzed 
with  mechanical  error  of  ±  0.023  mm  in  the  pole  profile.  The 
maximum  field  strength  of  1.424  T  at  orbit  center  is  also 
calculated  for  1.3  GeV  operation.  Tbe  good  field  width 
AB/B  <  ±2xl0*4  was  reduced  to  ±  19  mm  and  AG/G  S 
±2x10*2  was  within  ±18  mm.  The  sextupole  component  due 
to  the  field  saturation  on  the  pole  edge  is  produced  about  -0.7 
T/m2. 

m.  MAGNET  CONSTRUCTION 

A.  Core  construction 

Tbe  magnetic  field  errors  will  reduce  tbe  performance 
of  the  storage  ring.  Tbe  most  possible  field  error  in  the 
magnet  gap  is  caused  by  the  accuracy  of  pole  profile.  Tbe 
field  variation  along  tbe  central  mbit  may  be  produced  by  tbe 
fluctuation  of  the  permeability  and  the  coercive  fence  of  the 
core  materials.  In  order  to  produce  a  uniform  and  identical 
magnet,  Tbe  quality  requirement  has  to  be  follow  strictly  in 
fabrication  and  assembly  of  magnets.  Tbe  magnet  cores  were 
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made  of  1.S  mm  thickness  AISI 1006  low  carbon  steel  sheet 
The  permeability  of  core  material  was  measured  to  have  a 
deviation  about  5  %  at  1.2  Tesla  field  strength.  The 
laminations  have  to  be  shuffled  to  provide  the  uniformity  of 
magnetic  property. 

The  laminations  were  punched  to  a  precision  of  ±  25 
pm  in  the  critical  profile.  To  avoid  the  welding  distortion,  the 
laminations  were  glued  with  the  3M  brand  epoxy  and  kept 
the  epoxy  as  thin  as  possible  to  increase  the  stacking  factor  of 
the  core.  Before  the  stacking,  half  of  the  laminations  were 
flipped  to  minimized  the  top- bottom  symmetry  error.  Blocks 
of  144  mm  thickness  were  stacked  using  stacking  fixtures. 
The  iron  cote  with  a  total  length  of  1 152  mm  was  assembled 
together  with  8  core  blocks.  The  blocks  of  core  were 
reshuffled  for  keeping  the  constant  magnet  length  and  weight. 
0.5  mm  thickness  laminations  were  inserted  for  compensating 
the  fluctuation  of  length.  The  deviation  of  the  length  of  pole 
is  controlled  within  ±  0.S  mm.  Detachable  end-shims  were 
used  for  overcoming  the  sextupole  and  higher-order  field 
errors  at  the  magnet  ends.  The  non  magnetic  bolts  are  used 
to  tightly  attach  the  end-shims  on  the  end  blocks  for 
preventing  the  separation  due  to  magnetic  force. 

B.  Cod fabrication 

The  coil  was  designed  by  considering  the  number  of 
turns,  the  height  of  pole  gap,  the  specification  of  power 
supply  and  the  water  cooling  system.  The  excitation  coils  are 
matte  of  16x16  mm  square  hollow  copper  conductor  with 
hollow  7  mm  diameter.  The  coil  is  insulated  by  0.S  mm 
thickness  fiber  glass  and  impregnated  with  epoxy  resin  in  a 
vacuum  mold.  The  voltage  in  an  impulse  tester  up  to  5  kV  is 
used  to  detect  the  defective  coil  inter-turn  insulation.  The 
waveform  patterns  were  checked  and  compared  to  find  the 
defective  coil.  Each  dipole  magnet  has  four  pancake-type 
coils  with  a  total  of  56  turns.  Auxiliary  coils  are  also 
provided  for  trimming  1  %  field  strength  of  individual 
magnets. 

c.  Fiducial  work 

The  beam  orbit  analysis  requires  the  position  deviation 
of  the  magnet  from  the  ideal  orbit  should  be  within  ±0.1  mm. 
In  order  to  ensure  the  accuracy,  the  survey  and  alignment 
curved  fixture  has  three  reference  points  the  entrance,  center 
and  exit  point  of  the  magnet  for  fixing  the  survey  pad  on  the 
top  of  magnet  The  mechanical  fiducial  work  is  measured 
using  a  digital  3-D  measuring  machine.  The  measuring 
precision  of  ±0.02  mm  allows  the  magnet  geometry 
transferred  from  the  midplane  to  the  top  of  fiducial  mark. 
The  measurements  also  check  core  length  and  the  assembly 
accuracy  of  the  median  plane.  The  exact  magnetic  field  center 
is  established  by  the  field  mapping  based  on  the  fiducial 
mark. 

IV.  Field  Mapping  Results 

Hie  magnetic  field  was  measured  by  Hall  probe  mapping 
system.  The  Hall  probe  is  calibrated  using  an  NMR  gauss 
meter  to  achieve  the  accuracy  of  ±  2x10'-  .  The  field 
distribution  mapping  was  performed  in  the  midplane  along  the 
radial  direction  at  the  magnet  center.  The  dipole  and  gradient 


field  of  2-D  measurement  results  are  quite  close  to  the 
designed  value  and  are  shown  in  Fig.  2  and  Fig  3  respectively. 
That  means  the  precise  punching  and  accurate  stacking  were 
done  in  the  pole  profile.  The  mapping  trajectory  is  moved 
along  radial  direction.  The  distribution  of  integrated  dipole 
and  gradient  field  strength  are  shown  in  Fig  4.  and  Fig  5.  The 
integrated  sextupole  strength  of  1.075  T/m2  is  close  to  the 
tolerance  margin  at  1.3  GeV  and  of  2.492  T/m2  at  1.5  GeV  is 
out  of  the  tolerance.  In  order  to  compensate  the  strong 
sextupole  field  at  the  end  of  magnet,  different  shims  at  pole 
edges  were  added  for  correcting  the  sextupole  component. 
According  to  the  measurement  results,  3mm  thickness  (2  by  2 
pieces)  shims  were  required  on  the  pole  edges  of  magnet.^] 
The  integrated  sextupole  strength  was  then  reduced  to  0.262 
T/m2.  The  good  field  region  of  the  integrated  dipole  and 
gradient  field  strength  is  increased  more  wider  as  shown  in 
Fig  4  and  Fig  5.  This  improvement  will  benefit  the  quality  of 
beam  line  and  more  stable  operation  at  1.5  GeV.  Table  2  lists 
the  summary  of  dipole  magnet  at  nominal  excitation  current 
939.3  A. 


Table  2:  Summary  of  the  dipole  magnet 


Item 

Specification 

Measurement 

B(0,0,0) 

CD 

1.24090 

1.23999 

G(0,0,0) 

(T/m) 

-1.71084 

-1.71609 

S(0.0,0) 

(T/m2) 

0 

-0.027 

(X0,0,0) 

(T/m3) 

0 

4.88 

D(0,0,0) 

(T/m4) 

0 

-105.7 

/Bds(0,0) 

(T-m) 

1.5137 

1.5137 

jGds(0,0) 

CD 

-1.9574 

-1.972 

JSds(a0) 

(T/m) 

0 

-0262 

Jbds(0,0) 

(T/m2) 

0 

14.45 

lDds(0,0) 

(T/m3) 

0 

-50.8 

Leffdip 

(m) 

1.22 

1.2221 

*  The  integrated  field  strength  values  are  nns.  value  of 
eighteen  dipole  magnets 

The  field  errors  of  all  dipole  magnet  is  less  than  the 
specified.  Although  the  magnetic  effective  length  is  2.1  mm 
longer  than  the  designed  value.  It  should  not  affect  the 
machine  performance.  The  deviation  of  integrated  dipole 
field  strength  was  measured  within  1x10*3  and  given  in  Fig. 
6  It  is  found  all  dipole  magnet  are  uniform  and  acceptable. 
The  commissioning  of  the  storage  ring  has  been  started 
successfully  in  April  1993.  The  first  turn  beam  was  run 
without  any  exciting  the  correction  magnets.  These  TBA 
dipole  magnets  have  been  provided  a  good  guiding  field  in 
the  storage  ring. 

V.  CONCLUDING  REMARKS 

The  good  field  region  is  obtained  for  all  magnet. 
Because  of  the  construction  errors  were  under  control  during 
the  fabrication  and  assembly  of  magnets.  The  mechanical 
tolerance  of  punching  and  stacking  laminations  has  been 
measured  within  ±  0.025  mm.  The  laminations  and  assembly 
core  blocks  were  shuffled  for  averaging  the  permeability  of 
magnets.  The  laminations  were  gluded  to  avoid  the  welding 
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dittottion.  The  deviation  of  core  length  was  measured  within 
±0.5  mm.  In  aider  to  correct  the  sextupoie  field  in  the  end  of 
magnet.  3  mm  thickness  shims  were  added  on  the  pole  edges. 
The  field  quality  and  the  good  field  region  were  unproved 
and  will  benefit  the  stable  operation. 

VL  ACKNOWLEDGMENT 

The  authors  would  like  to  thank  our  consultant  Mr. 
H.C.H  Hsiefa  for  checking  the  magnet  design  and  valuable 
discussion  during  the  study  and  constructioo  of  the  magnets. 
Thanks  Mr.  C.S.  Hwang  and  die  field  mapping  group  for 
their  careful  magnetic  measurements  and  supplying  the 
measurement  data. 

VH.  REFERENCES 

[1]  C.  H.  Chang.  C.H.  Hwang.  J.C.  Lee,  W.C.  Chou,  J.H. 
Huang.  PJC  Tseng.  C.S.Hsue,  GJ.  Hwang  The  TBA 
Prototype  Dipole  Magnet  of  SRRC"  11th  International 
Conference  on  Magnet  Technology,  1989. 

[2]  G-EJFisher,  "Iron  Dominated  Magnets",  SLAC-PUB- 
3726,  July  1985. 

[3]  P-K.  Tseng,  C.S.  Hwang  "The  analysis  methods  of  Hall 
probe  mapping  system  for  the  combined  function  dipole 
magnet",  XV  th  International  Conference  on  High 
Energy  Accelerators,  July  20-24, 1992 


Fig.  1  the  configuration  of  the  combined  function  dipole 
magnet. 


Rg.  2  the  dipole  field  distribution  of  the  calculated  and  the 
measured  results  in  the  midplane  along  the  radial 
direction. 


Rg.  3  the  quadrupole  field  distribution  of  the  calculated  and 
measured  results  in  the  midplane  along  the  radial 
direction. 


Rg.  4  the  integrated  dipole  field  strength  distribution  in  the 
midplane  with  mid  without  3  mm  (2-2)  shuns. 


Fig.  5  the  integrated  quadrupole  field  strength  distribution 
in  Lire  midplane  with  and  wititoul  3  mm  (2-2)  shims. 


Magtret  No. 


Rg.  6  the  deviation  of  integrated  dipole  field  strength  of  ail 
the  dipole  magnets. 
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Specific  Features  of  Magnet  Design  for  the 
Duke  FEL  Storage  Ring* 

B.  Burnham,  N.  Hower.  VJM.  Litvinenko,  JJtU.  Madey.  Y.  Wu 
Duke  University  Free  Electron  Laser  Laboratory 
Box  90319  Duke  University  Durham,  NC  27706-0319 


L  INTRODUCTION 

The  1  GeV  Duke  FEL  storage  ring  is  dedicated  to 
drive  UV  and  VUV  Bee  electron  laser  devices.  The  high 
brightness  low  eminence  electron  beams  needed  for  these 
devices  demand  high  performance  and  tight  tolerances  on  the 
storage  ring  magnet  lattice.  Tight  tolerances  include  close 
spacing  of  magnetic  elements.  In  this  paper  we  show  how 
combined  function  magnets  are  used  to  eliminate  discrete 
elements  and  odd  shaped  end  pieces  which  cause  magnetic 
coupling,  saturation  and  severe  undesireable  Held 
ponlinearities.  Using  this  scheme  we  are  able  to  achieve 
definable  ring  dynamic  aperture  with  only  minor 
modification  of  existing  hardware. 

Also  included  is  a  discussion  of  a  non-standard 
septum  magnet  with  stray  field  compensation  which  will  be 
employed  by  this  storage  ring.  The  design,  testing  procedures, 
nd  preliminary  results  are  outlined  for  this  magnet 

H.  MEASUREMENT  PROCEDURES 

Magnetic  measurements  of  all  magnets  were 
performed  prior  to  installation  on  the  storage  ring.  In  order  to 

fftlw  ito«  nf  larp  rfgta  of  magnetic 

fields  accurately  we  make  use  of  a  Hall  probe  array.  This 
array  contains  eleven  individual  Hall  probes  mounted  on  a 
son-magnetic  (date,  each  one  calibrated  using  a  NMR 
magnetometer.  The  elements  are  separated  by  approximately 
7  mm  and  the  exact  distances  are  measured  to  within  a  few 
microns  using  a  microscope.  The  voltage  signals  are  sent  in 
parallel  to  a  multiplexer  and  read  by  a  20  bit  A/D  converter  in 
a  CAMAC  crate  to  a  Macintosh  computer  running  LabView 
[1],  Magnet  power  supplies  are  controlled  by  16  and  20  bit 
DACs  and  a  set  of  precise  shunts  and  transductors  are  used  for 
current  read  back.  This  particular  system  was  purchased  from 
the  Bodker  Institute  of  Nuclear  Physics  in  Novosibirsk, 
RuSiia,  as  part  of  a  cooperative  effort  between  Duke 
University  and  INP[2]. 

The  high  resolution  of  the  array  and  its  electronics 
yield  a  magnetic  measurement  accuracy  of  better  than  one  part 
in  10,000  and  we  can  make  a  two  dimensional  map  with  only 
one  puH  through  each  magnet  A  set  of  tracks  are  used  for  the 
precise  positioning  of  the  array  in  each  magnet  Since  the 
magnet  lattice  includes  closely  spaced  dements,  it  is 
important  that  all  measurements  be  taken  in  a  real 
environment  The  magnet  test  bed  at  Duke  has  room  to  place 
neighboring  magnets  mound  the  magnet  under  test  as  would 
be  dm  case  when  the  magnet  is  eventually  placed  into  the 
storage  ring.  In  this  manner  we  can  better  understand  the 
fringe  field  effects  of  closely  spaced  elements. 
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Parameters  of  the  Duke  FEL  storage  ring  can  be 
found  elsewhere  [3-4],  The  storage  ring  arcs  and  south 
straight  section  have  bilateral  lattice  symmetry  with  respect  to 
dipole,  quadrupole,  and  sextupole  fields. 

HI.  COMBINED  FUNCTION  QUADRUFOLES 

Natural  chromaticity  should  be  corrected  by  a 
suitable  sextupole  component  of  the  magnetic  field  lattice. 
The  most  typical  method  to  generate  the  sextupole  component 
is  by  discrete  sextupole  magnets.  In  die  Duke  storage  ring, 
with  dispersion  free  straight  sections,  the  sextupole  magnets 
should  be  placed  in  die  arcs  where  only  18  cm  of  space 
between  each  dipole-quadrupole  pair  is  available.  It  was 
discovered  that  the  initial  attempts  to  use  the  dipole  magnet 
with  "noses  and  dimples"  as  main  fixed  sextupoies  coupled 
with  discrete  adjustable  sextupoies  caused  nu\jor  asymmetric 
saturation  of  the  dipole  and  a  large  amount  of  magnetic  flux 
between  the  sextupole  yoke  nod  the  nearby  dipole  magnet 
The  stray  fields  between  the  magnets  also  caused  severe  non¬ 
linear  components  while  dipole  magnet  saturation  caused 
serious  orbit  distortions.  All  of  these  problems  taken  together 
would  have  made  it  almost  impossible  to  commission  a 
damping  storage  ring  at  Stanford. 

We  decided  to  use  the  are  quadrupole  magnets  as 
combined  function  variable  strength  main  quadrupoles  and 
sextupoies.  The  arc  quadropoles  are  wired  so  that  the  inner 
pair  oif  poles  (toward  the  inside  of  the  ring)  are  independent  of 
the  outer  pair  of  poles.  When  the  two  sets  are  excited  by  the 
same  current  there  is  oaly  a  quadrupole  moment.  With  more 
current  separation  sextupole  and  dipole  moments  can  be 
introduced  overlapping  die  quadrupole.  The  dipole  moment  in 
the  magnet  offsets  the  magnetic  center  (2  mm  for  designed 
values  of  sextupole  moments).  We  have  therefore  designed 
the  ring  so  that  the  central  orbit  will  pass  through  this  new 
magnetic  center. 
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Figure  1.  Flux  plot  from  MERMAID. 


Using  a  two  dimensional  magnetic  field  computer 
code  called  MERMAID  [5]  we  were  able  to  accurately  model 
the  effects  of  asymmetric  current  excitation  of  the  quadrupole 
coils.  We  found  we  were  able  to  introduce  required  sextupole 
moments  into  the  magnets  using  this  method,  and  from  the 
results  of  the  MERMAID  calculations  we  began  testing  the 
magnets  in  the  same  configuration.  A  sample  flux  plot  from 
MERMAID  far  asymmetric  excitation  is  shown  in  Figure  1. 

We  have  taken  large  data  sets  of  all  of  the  quadrupole 
magnets  in  field  mappings  and  current  rampings  and  created  a 
computer  routine  to  fit  the  multipole  moments  using  spline 
interpolation  in  muld-dimensional  space.  These  data  will  be 
used  in  the  control  system  to  achieve  the  desired  strengths  in 
the  quadrupole.  Typical  current  settings  (varying  because  of 
the  properties  of  magnet  steel)  required  to  maintain 
quadrupole  and  sextupole  strengths  proportional  to  the 
electron  energy  are  shown  in  Figure  2. 


Currant  San  Inga  vs.  Hadron  Ertargy 
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In  order  to  understand  the  higher  order  moments  of 
the  quadrupole  fields  it  is  necessary  to  use  the  measured  fields 
and  subtract  out  the  fitted  lower  order  moments.  What  is  left 
over  are  the  strengths,  in  this  case,  for  octupole  and  higher 
order  terms.  In  the  case  of  the  Duke  storage  ring  quadrupoles 
the  lowest  moment  is  dodecapole. 

There  is  a  built  in  correction  term  far  higher  orders  in 
these  magnets.  Figure  4  shows  a  plot  of  the  integrated 
moments  above  sextupole  for  both  the  central  part  of  the 
magnet  and  the  fringe  fields.  One  curve  is  the  integral  of  the 
fields  inside  the  magnet  steel  (without  edges),  die  other  for  the 
fringe  fields.  The  two  very  nearly  cancel  out  overall  higher 
order  moments. 


Figure  4.  Integrals  of  higher  order  moments. 

IV.  COMBINED  FUNCTION  DIPOLES 


Figure  2.  Settings  for  quadrupole  excitation.  All 
GeV  gradient  is  33  kGs/cm,  sextupole  is  300 
Gs/cmA2. 

The  typical  longitudinal  distribution  of  moments  is  shown  in 
Figure  3. 


Mvaaared  Manure  vs.  Longitudinal  Pea  Won 


Figure  3.  Measured  moments  in  combined  function 
quadrupole. 


We  replaced  the  odd  shaped  nose  and  dimple  dipole 
end  pieces  with  new  parallel  edge  smooth  symmetric  end 
pieces  required  to  extend  dipole  magnetic  length.  This  allows 
us  smoothly  to  reach  saturated  symmetric  magnetic  field 
behavior  up  to  20.3  kGs  (15.9  kGs  is  required  for  1  GeV 
operation).  We  have  devised  a  way  to  make  the  dipole 
magnets  combined  function  while  maintaining  a  higher  level 


Olpala  Plaid  vs.  Transvarea  Distance 
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Figure  6.  Combined  function  dipole  field. 
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of  symmetry  by  introducing  thin  steel  shim  stock  in  the  center 
of  the  magnet  This  extra  "bump"  creases  a  sextupole  field  of 
the  desired  sign  as  shown  in  Figure  5.  The  steel  shims 
themselves  me  mounted  on  aluminum  strips,  so  the  whole  unit 
is  easily  replaced  if  desired.  The  steel  shim  stock  measures 
only  6.4  cm  long  by  2.5  cm  wide  in  a  33  cm  long  magnet 
The  measured  sextupole  moment  as  a  function  of  longitudinal 
distance  is  shown  in  Figure  6. 


Butupote  Mount  vo.  LsngKuMnal  Position 


Figure  6.  Measured  sextupole  moment  in 
combined  function  dipole. 

V.  SEPTUM  MAGNET 

A  Lambertson  type  septum  magnet  is  used  for 
injection  into  the  Duke  storage  ring.  We  modified  the  "V" 
notch  angle  to  43°  and  made  the  top  piece  separable  for 
convenience  of  vacuum  chamber  installation.  The  sharp  edge 
measures  only  0.5  mm.  This  magnet  employs  an  18  turn  main 
coil  made  from  2  x  66  mm2  copper  sheet  and  cooling  plate 
mounted  on  the  bottom.  The  coil  is  fully  enclosed  by  magnet 
steel.  The  stray  fields  from  this  magnet  are  very  low  because 
of  this  isolation,  no  more  than  10  gauss  in  the  "V"  notch, 
where  the  stored  beam  passes  (see  Figure  7).  It  is  only  1  mm 
away  from  the  main  gap  where  the  field  is  9  kGs.  We  have 
found  a  way  to  compensate  this  field  both  horizontally  and 
vertically  down  to  a  level  of  less  than  1  gauss.  The  horizontal 
stray  field  is  caused  by  asymmetrical  saturation  of  the  magnet 
steel  and  is  compensated  by  using  a  five  turn  coil  around  one 
half  of  the  magnet  to  balance  saturation  effects.  This  coil  has 
a  total  of  only  10- 15  amp- turns. 

Using  MERMAID  we  determined  that  a  flat  coil  laid 
into  the  sides  of  the  notch  would  be  sufficient  to  cancel  most 
of  the  vertical  field  component  The  single  turn  coil  measures 
4  cm  wide  by  0.05  mm  thick  by  1.6  m  total  length  and  will 
carry  a  current  of  up  to  1 1  amps.  An  exaggerated  view  of  the 
septum  magnet  is  shown  in  Figure  8. 

Stray  fields  are  also  prevalent  in  the  groove  where 
the  walls  of  the  "V"  become  vertical.  Into  this  notch  is  placed 
another  one  turn  compensating  coil  which  carries  roughly  one 
half  the  value  of  the  current  in  the  flat  coil.  Assuming  this 
ratio  to  be  constant  we  can  make  the  flat  coil  and  this 
particular  compensating  coil  from  the  same  piece  of  copper 
sheet  In  this  fashion  we  can  run  the  compensation  from  only 


one  power  supply.  The  magnetic  test  results  confirm  the 
predictions. 

The  finite  permeability  of  the  steel  creates  a  small 
variation  of  the  magnetic  field  inside  the  gap  along  the  pole 
width  which  measures  14  cm.  This  variation  was  predicted  by 
MERMAID.  Even  though  die  field  quality  satisfies  design 
requirements  we  suggested  one  more  fiat  coil  (2  x  4  cm  wide) 
just  below  die  notch  above  the  main  pole.  Only  15-25  A 
current  is  required  to  make  the  magnetic  field  uniform  (within 
0.5  Gauss)  in  the  area  of  ±5  cm. 


8«ptnw  LMk  Fluid  vs.  Currant 


Figure  8.  Septum  magnet  basic  design  in  cross  section. 
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Abstract  II.  DIPOLE  DESIGN 

The  magnet  system  of  the  Eindhoven  synchrotron  In  the  philosophy  of  the  Euterpe  ring  project  an  attempt 

radiation  source  EUTERPE  (400  MeV)  consists  of  dipoles  of  was  made  to  be  able  to  store  electrons  of  the  highest  possible 
unconventional  design  and  construction.  Laminated  rectangular  energy  n«wg  rather  retail  bending  magnets.  In  the  present 
blocks  of  transformer  sled  are  fixed  together  and  comprise  the  design  of  the  dipoles  the  maximum  magnetic  induction  is  133 
dipole  magnet  (dim.  48x39x33  cm*).  Apart  from  a  small  T  with  a  bending  radius  of  1  m,  implying  a  sagitta  of  3.4  cm. 
quadrupoie  component,  a  field  uniformity  AB/B  of  2x10"*  over  This  leads  a  rectangular  pole  area,  and  also  to  a  rectangular 
4  cm  at  1  T  is  obtained  in  a  2.5  cm  gap.  The  support  system  block  shaped  C-magnet  In  this  way,  making  laminated 
is  based  on  static  and  dynamic  analysis.  Hie  resultant  "six  magnets  avoids  complicated  curving  procedures, 
degree  of  freedom"  manqwlator  (position  accuracy  -  0.02  mm)  It  is  to  be  mentioned  here  that  the  poles  are  completely 

ere  easily  adjust  3  positions  and  3  angles  of  rotation  of  the  flat:  no  tapemg  or  pole  profiling  is  performed.  The  width  of 
magnet  Because  of  the  stroke  of  the  adjustable  rods  being  the  pole  is  sufficient  for  good  homogeneity  of  the  magnetic 
small  (■  3  mm),  these  rods  have  "elastic  hinges"  as  attachment  field.  The  w*™»i  magnet  shape  has  been  determined  on  the 
points.  Design  and  construction  have  been  done  at  the  Central  h»«k  of  POISSON-calculations.  According  to  this,  14  kA-tums 
Design  and  Engineering  Facilities  of  the  Eindhoven  University.  jg  needed  for  1.4  T.  where  saturation  plays  a  role,  with  a 
A  description  of  the  magnet  system,  prototype  magnetic  field  current  loss  factor  of  6.6%. 

measurements  and  details  on  the  construction,  including  that  of  A  fr^hniqn*  applied  in  the  transformer  industry  is  the  so- 

the  support  system,  will  be  presented.  called  modular  core  technique  to  assemble  transformers  and 

choices  [6].  Fabrication  of  the  laminated  steel  core  modules  is 
L  INTRODUCTION  done  by  collecting  equal  parts  stamped  off  a  flat  steel  sheet 

coil,  which  is  available  in  a  range  of  standard  sizes.  The  sheet 

The  Euterpe  storage  ring  is  a  400  MeV  electron  ring  coil  contains  die  adhesive  for  cementing  a  module, 
under  construction  at  the  Accelerator  Laboratory  of  the 
Eindhoven  University  (NL).  The  ring  is  to  be  used  as  an 
experimental  lord  for  accelerator  physics  studies  as  well  as  for 
the  study  of  radiation  phenomena  e.g.  in  undulators.  limited 
use  of  the  machine  for  applications  of  synchrotron  radiation  is 
foreseen.  This  is  a  university  project  with  somewhat  different 
objectives  as  for  facility  projects.  Design,  construction  and 
testing  is  re  exercise  for  die  accelerator  group  of  the  university 
and  their  students,  with  strong  backing  from  the  university 
workshops.  The  budget  for  the  machine  is  small,  but  there  is 
no  time  pressure  for  building  it  Many  components  of  the  ring, 
e.g.  die  complete  magnet  system,  are  made  in  the  university 
itself. 

Euterpe  has  a  circumference  of  40  m  and  it  has  a  four¬ 
fold  symmetric  lattice  with  a  triple  bend  achromatic  structure, 
and  2  m  long  dispersion  free  straight  sections.  Various  ion- 
optical  modes  for  different  applications  can  be  set  by  adjusting 
the  focusing  properties  [13].  The  injection  takes  place  from  a 
73  MeV  racetrack  microtron  [3].  The  dipole  units  are  small 
with  a  small  gap  of  23  cm.  This  small  value  may  give  rise  to 
limiting  effects  on  die  beam  lifetime;  re  account  on  these 
effects  in  Euterpe  is  given  in  reference  [4].  Alignment  require¬ 
ments  for  die  magnet  system,  together  with  the  alignment  pro¬ 
cedure  is  given  separately  [3].  Table  1  lists  the  main  Euterpe 
parameters. 

0-7803-1203- 1/93S03.00  C 1993  IEEE  2892 


1  Table  1  | 

|  Main  Euterpe  parameters  | 

Circumference 

40m 

Max.  energy 

400  Mev 

Inj.  energy 

75  Mev 

Bean  current 

100  mA 

|  Focusing  structure 

TBA 

|  Superperiods 

4 

|  RF  frequency 

45  MHz 

Q  RF  voltage 

50  kV 

Min.  emittance 

7.4  nm 

Pulse  length 

3  cm 

Crit  wavelength 

83  nm 

Modules  to  form  s  transformer  or  choke  are  fixed  together 
with  rods. 

We  have  bought  such  modules  to  compose  the  C-shaped 
dipoles.  However,  the  method  to  fix  these  together  for  a 
complete  dipole  is  different.  Because  the  magnetic  farces  in  the 
dipoles  can  be  high,  clamping  the  blocks  with  rods  is  not  pos¬ 
sible  without  unwanted  dimensional  deformation.  Other  alter¬ 
natives  where  welding  the  blocks  together,  or  cementing  the 
blocks.  Chosen  is  cementing  with  epoxy  adhesive  which  is 
temperature  stabilized.  Cementing  has  given  very  accurate  and 
stress  free  results.  However  the  film  thickness  of  the  epoxy  has 
to  be  controlled  within  tight  limits. 

Since  the  magnetic  properties  of  the  steel  sheet  depend 
on  the  orientation  of  it  (the  highest  magnetization  occurs  in  the 
roll  direction),  the  magnetic  circuit  is  optimized  by  a  proper 
orientation  of  the  laminated  modules.  In  our  case  035  mm 
sheet  of  VM  111-35  iron  with  a  maximum  saturation  ferric 
induction  of  1.7  T  is  used.  The  "pole”  blocks  with  a  cross 
section  12x18.25  cm3,  two  mid  blocks  of  13.5x9.5  cm3  and  one 
return  yoke  block  of  13.5x39  cm3  form  the  magnet  At  the  pole 
ends  shimming  plates  have  been  attached,  whose  widths  will 
be  adjusted  for  obtaining  equal  magnetic  lengths  of  all  dipoles. 

For  the  coil  construction  hollow  copper  conducter  of  6x6 
mm3  and  a  bore  radius  of  35  mm  is  used  The  coil  consists  of 
7x12  turns  with  a  cross-section  of  45x8  cm3.  The  coil  weight 
is  20  kg. 

Table  2  gives  a  summary  of  dipole  data. 

HI.  SUPPORT  SYSTEM 

The  support  system  is  a  six  degrees  of  freedom  manipu¬ 
lator  with  the  following  specifications  :-  x,y,z  stroke  15  mm  ; 
accuracy  ±0.02  mm-  stroke  ±1°  ;  accuracy  ±  0.005° 


Figure  1  Dipole  and  support  system 


Table  2 

Dipole  data 

Type:  rectangular,  C-shaped,  laminated 

Size  (lxwxh) 

480x350x390  mm3  1 

Total  Weight 

600  kg  1 

Bending  radius 

1  m  | 

Sagitta 

3.4  cm  | 

1  Effective  orbit  length 

52.4  cm 

|  Pole  size 

120x480  mm3 

I  Gap  width 

25  cm 

|  Coil  cross  section 

45x8  cm3 

|  Magn.  field  at  75  MeV 

0.25  T 

|  Magn.  field  at  400  MeV 

135  T 

[  Power  @  400  MeV 

6  kW 

In  classical  mechanical  design  actual  and  virtual  back- 
las  hform  the  Achilles  heel  of  the  behaviour.  These  have  to  be 
avoided  or,  if  not  possible,  have  to  be  limited  to  close  toleran¬ 
ces.  Virtual  backlash  is  the  positional  inaccuracy  as  a  result  of 
friction  combined  with  limited  stiffness.  Actual  backlash  is  the 
positional  inaccuracy  as  a  result  of  clearance. 

In  this  case  a  solution  was  aimed  for  in  which  : 

-  All  components  of  the  support  system  are  attached  to  one 
another  by  means  of  welding  (clearance  free). 

-  The  strokes  are  realized  by  means  of  predetermined  elastic 
deformation  (no  friction  and  no  clearance)  of  "elastic  hinges". 

The  basis  of  this  solution  for  the  support  system  is  die 
"solid  mass"  of  the  magnet  which  is  supported  by  three  vertical 
rods  (1,2,3  fig.  1).  The  movement  of  the  remaining  system  is 
transduced  to  the  points  A  and  B.  This  movement  is  now  limi¬ 
ted  by  rods  45  and  6.  The  six  rods  mentioned  can  be  varied  in 
length.  They  actually  control  the  six  degrees  of  freedom  the 
magnet  has  in  relation  to  the  outside  world. 

The  mechanical  stiffness  of  these  rods  predominantly 
determines  the  stiffness  of  the  support  system.  The  rods  are  di¬ 
mensioned  accordingly.  The  ends  of  these  rods  are  attached 
between  the  mass  of  the  magnet  and  the  outside  world  by 
means  of  "elastic  hinges". 

Because  of  thermal  effects  (a  temperature  up  to  110°  C 
for  the  magnet  could  be  allowed)  the  mechanical  elements  of 
the  magnet  and  its  support  system  can  change  in  dimensions  up 
to  05  mm.  These  changes  may  result  in  excessive  mechanical 
forces.  These  forces  can  cause  possible  plastic  deformation  and 
or  creep  effects  in  the  mechanical  elements  of  the  system. 
Because  of  that  dimensional  changes  and  inaccuracy  will 
occur.  Therefore  the  magnet  is  attached  to  the  support  system 
with  three  leaf  springs  (A.B.C  fig.2).  The  orientation  of  these 
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Figure  2  Attachment  points  support  system 

springs  is  such  dial  the  relative  position  of  the  magnet  with 
respect  to  the  support  system  remains  the  same.  The  same 
mechanical  design  concept  has  been  chosen  for  the  attachment 
of  the  support  system  to  the  ground  (DJEJF  figJ2). 

Mechanical  stability  is  determined  with  the  dimensioning 
of  the  stiffness  of  the  support  system.  A  theoretical  mechanical 
resonance  frequency  of  15  He  in  all  directions  was  chosen  (the 
mass  of  die  magnet  is  600  kg).  The  prototype  was  measured  in 
three  directions  and  die  actual  resonance  frequency  is  14  Hz. 
Combined  with  the  supposed  mechanical  noise  level  of  the  la¬ 
boratory  these  results  are  adequate  for  a  good  dynamical 
tolerance  of  place  and  stability  of  the  dipole  mass. 

The  realized  support  system  has  proven  to  be  accurate, 
cheap  to  produce  and  user  friendly,  even  for  physicists. 

IV.  PERFORMANCE  &  FIELD  MEASUREMENTS 

Measurements  have  been  performed  on  a  completed 
prototype  magnet,  consisting  however  of  modules  welded 
together.  This  procedure  leaves  about  20%  less  area  for  the 
return  flux,  compared  to  the  newer  cemented  types,  sooner 
leading  to  saturation  effects.  Figure  3  shows  the  excitation 
curve,  as  calculated  by  POISSON  and  also  by  measurement 
The  maximum  induction  is  about  1.6  T;  the  difference  in 


Figure  3  Excitation  curve  prototype 
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Figure  4  Radial  field  profile 


slope  at  low  excitation  for  both  curves  is  (hie  to  a  slightly 
different  gap  value.  Figure  4  shows  the  radial  field  profile  at 
120  A  (1  T).  A  small  quadrupole  component  is  present  which 
is  due  to  a  radially  varying  gap  value.  This  will  be  corrected 
in  the  cemented  versions.  Then  the  expected  field  uniformity 
is  better  than  104  over  4  cm.  The  length  of  the  effective  field 
boundary  at  either  side  of  the  magnet  is  17  mm.  At  an 
excitation  of  200  A  (1.5  T)  a  sextupole  component  of  8 
gauss/cm1  strength  is  present 


V.  CONCLUSION 

A  modular  core  technique  has  been  applied  for  the 
Euteipe  dipole  magnets.  The  assembly  of  modules  and  of  the 
overall  dipole  is  completely  carried  out  using  epoxy  adhesive 
and  resin. 

A  rigid  support  and  manipulating  system  has  been 
adopted. 

Field  measurements  on  a  prototype  show  the  expected 
performance. 
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Abstract 

A  Lambertson  magnet  has  been  designed  to  serve  as  an 
injector  into  the  Relativistic  Heavy  Ion  Collider  (RHIC)  under 
construction  at  Brookhaven  National  Laboratory.  The  design 
is  predicted  to  achieve  field  uniformity  of  DB/B  <  6  x  10"4 
at  B0  **  9.5  KG  transverse  to  the  beam  direction  over  toe 
width  of  the  beam  path  and  stray  fields  in  RHIC's  circulating 
beam  pipe  of  less  than  0.2  Gauss.  In  addition,  the  magnet  is 
ultra-high  vacuum  compatible  in  that  only  the  insides  of  toe 
beam  tubes  are  exposed  to  toe  vacuum  and  toe  entire  assem¬ 
bly  is  bakeable  in  situ  to  300°C. 

I.  INTRODUCTION 

The  injection  Lambertson  magnets  described  herein  will 
be  toe  last  elements  in  the  beam  transfer  line  between  toe 
Alternating  Gradient  Synchrotron  (AGS)  and  the  Relativistic 
Heavy  Ion  Collider  (RHIC)  at  Brookhaven  National  Laborato¬ 
ry.  They  are  designed  to  deflect  the  injected  beam  onto  a 
path  horizontally  parallel  to  toe  circulating  beam.  Two  such 
magnets  will  be  used,  each  one  injecting  into  one  of  toe 
counter  circulating  beams  of  toe  RHIC  machine.  The  two 
magnets  will  be  identical  magnetically,  but  will  be  physical 
mirror  images  of  each  other. 

n.  DESIGN  PARAMETERS 

Extensive  parametric  studies  arrived  at  the  following 
design  parameters. 

1.  Bend  angle  ”  38  mrad  @  Bp  =  100  T*M/rad 

2.  Length  -  4  M  (B0  =  9.5  kG) 

3.  Field  non-uniformity  <  6  parts  in  104  over  beam  path 

4.  Stray  fields  <  0.2  Gauss 

5.  Vacuum  level  <  1  x  10*10  Torr 

6.  26.1  mm  vertical  aperture 

7.  67  mm  i.d.  circulating  beam  tube 

m.  MECHANICAL  DESIGN 

a.  Slab  Construction 

A  nay  or  consideration  from  toe  start  was  to  operate  toe 
injection  magnet  in  series  (d.c.)  with  toe  transfer  line  dipole 


♦Work  performed  under  toe  auspices  of  toe  U.S.  Department 
of  Energy. 


magnets,  thus  saving  toe  cost  of  a  separate  large  power 
supply.  This  and  toe  fact,  as  mentioned  in  toe  preceding 
section,  that  toe  geometry  changes  along  toe  magnet,  made 
laminated  construction  unnecessary  and  impractical. 

b.  Steel  Characteristics 

Two  and  three-dimensional  computer  modeling  showed 
that  the  design  parameters  could  be  met  and  exceeded  by 
fabricating  toe  magnet  body  out  of  an  ultra-low  carbon  (< 
0.005%)  steel  in  toe  unannealed  condition.  The  material 
(called  "INTRAK*  [1])  is  available  in  large  slabs  and  can  be 
machined  without  significantly  altering  the  magnetic  proper¬ 
ties. 

c.  Beam  Tube  Materials 

The  material  for  toe  circulating  beam  is  critical  as  it 
serves  a  number  of  functions.  First,  it  must  be  ultra-high 
vacuum  compatible,  which  means  prefiring  at  a  temperature 
of  at  least  950°C  in  a  vacuum  of  at  least  1  x  1CT5  Torr  and 
should  be  corrosion-free  like  stainless  steel.  In  addition,  it 
serves  a  vital  magnetic  shielding  function.  The  tube  is  spaced 
from  toe  surrounding  ultra-low  carbon  sled  by  a  1  mm  air 
gap  and  intercepts  leakage  fields.  For  this  function,  it  must 
have  high  permeability  at  low  field  levels.  It  must  also  have 
sufficient  physical  strength  to  resist  die  vacuum  loads  with  a 
relatively  thin  wall,  finally,  it  helps  if  the  thermal  coefficient 
of  expansion  is  close  to  that  of  the  magnet  body.  These 
conditions  are  all  met  by  a  material  called  'Permalloy  80”  [2]. 
To  reach  the  required  annealed  condition,  it  must  be  heated  to 
1 150°C  after  fabrication.  This  also  serves  as  toe  vacuum 
firing. 

The  injection  tube  material  selected  is  Inconnel  625.  It 
is  completely  non-magnetic,  has  good  vacuum  and  thermal 
expansion  properties,  and  has  high  stiffness  and  yield  strength 
to  resist  vacuum  loading.  Both  the  beam  tubes  can  be  welded 
into  the  common  stainless  steel  downstream  chamber  (see 
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Figure  1. 


<L  Bakeotu 

Because  of  die  difficulty  of  trying  to  beat  die  injection 
tube  (which  is  in  intimate  contact  with  die  poles)  independent¬ 
ly  of  the  magnet,  it  was  decided  to  heat  die  entire  magnet. 
The  coil  was  thermally  insulated  from  the  core  and  is  water 
cooled  during  bakeout.  A  covering  heater  blanket  of  20  kW 
will  heat  die  assembly  to  250°C  in  12  hours. 

e.  Vertical  Motion 

During  injection,  die  magnet  must  be  positioned  so  that 
die  circulating  beam  almost  touches  the  upper  inside  surface 
of  the  circulating  beam  tube.  This  condition  represents  an 
aperture  restriction  for  die  RHIC  machine  during  the  subse¬ 
quent  operating  cycle.  To  solve  this  problem,  provision  has 
been  made  to  raise  die  entire  magnet,  after  injection,  so  that 
the  center  lines  of  the  circulating  beam  tube  and  the  circulat¬ 
ing  beam  coincide.  This  is  to  be  accomplished  to  an  accuracy 
of  ±  0.1  mm  by  coupling  die  three  support  jacks  to  a 
common  motor  with  suitable  position  feedback  and  limit 
switches. 


IV.  MAGNETIC  DESIGN  AND 
PERFORMANCE 

The  magnetic  calculations  were  separated  into  two  parts. 
First,  die  aperture  field  uniformity  and  stray  fields  well  within 
die  magnet  were  modeled  in  two  dimensions  using  the  PE2D 
code  [3].  Next,  the  field  behavior  and  stray  field  level  within 
the  circulating  beam  tube  near  die  exit  and  entrance  of  die 
magnet  were  modeled  using  the  TOSKA  [3]  three-dimensional 
code.  The  two-dimensional  study  had  two  purposes.  The 
first  was  to  verify  a  magnetic  field  uniformity  of  DB/B  <  6 
x  1CT4  transverse  to  beam  direction  over  die  entire  beam  path, 
and  second,  to  show  that  die  stray  fields  inside  the  circulating 
beam  tube  could  be  held  below  2  Gauss.  The  predicted 
performance  meets  or  exceeds  the  goals.  This  was  accom¬ 
plished  by  the  following  means. 

1.  The  ultra-low  carbon  steel  selected  for  the  magnet  body 
saturates  at  a  relatively  high  field  level,  thus  creating 
relatively  low  stray  fields  in  the  air.  Table  I  shows  die 
experimental  B  vs.  H  curve  for  this  material. 


TAI 

CE  I 

H(Oe) 

B(kG) 

1 

2.5 

2 

8.0 

4 

13.5 

10 

15.5 

100 

18.2 

2.  The  magnet  length  of  4  meters  was  chosen  in  part  to  limit 
die  magnet's  gap  field  to  0.95  Tesla.  This  choice  is 
compatible  with  die  chosen  steel  because  the  steel  does 
not  run  into  saturation  in  the  critical  septum  region. 

3.  The  pole  tip  edges  were  shaped  to  maximize  die  good 
field  region.  This  shaping  took  into  account  the  aperture 
geometry,  the  steel  characteristics,  and  the  field  levels  in 
the  steel. 

4.  As  mentioned  in  Section  El.  c.,  the  circulating  beam  tube 
material  (Permalloy  80”)  was  chosen  in  part  because  of 
its  high  permeability  at  relatively  low  field  levels.  This 
enables  die  circulating  beam  tube  to  shield  the  interior  of 
the  tube  from  the  fields  leaking  from  the  septum  area. 
These  leakage  fields  are  on  the  order  of  several  Gauss. 
The  50  mil.  thick  Permalloy  80  tube  is  predicted  to 
reduce  these  down  to  0.1  Gauss  within  die  tube. 

5.  The  septum  region  has  been  shaped  (see  Figure  2)  to 
minimize  stray  fields  and  make  the  gap  field  as  uniform 
as  possible.  The  results  of  this  optimization  appear  in 
Figure  3,  which  shows  a  cross  section  of  the  magnet  with 
zone  areas  depicting  variations  of  the  By  gap  field.  Each 
zone  boundary  corresponds  to  a  5  Gauss  field  change. 
The  rectangle  inside  the  magnet's  aperture  represents  2 
sigma  (standard  deviation)  of  the  beam  size. 


Figure  2. 
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Figure  3. 


V.  CONCLUSION 


A  three-dimensional  study  was  undertaken  to  minimize 
the  stray  fields  in  die  circulating  beam  tube  where  it  enters 
and  exits  the  magnet.  These  entrance  and  exit  areas  required 
special  attention  as  they  are  subject  to  the  stray  fields  of  both 
the  gap  and  die  coil.  In  addition,  the  highly  permeable  (and 
easily  saturated)  circulating  beam  tube  must  pass  through 
these  areas.  This  study  showed  that  if  special  protective 
measures  were  not  taken,  the  field  levels  inside  the  circulating 
beam  tube  could  reach  1500  Gauss  at  these  areas.  Conse¬ 
quently,  die  following  design  features  were  added  to  the  aids 
of  die  magnet. 


As  designed,  the  RHIC  Lambertson  magnet  has  met  or 
exceeded  the  design  goals  and  represents  a  state-of-the-art 
injector  in  toms  of  vacuum  compatibility,  field  uniformity, 
and  stray  field  levels. 

VI.  REFERENCES 
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1.  The  bottom  pole  piece  (septum)  was  extended  7  cm  and 
4  cm  beyond  the  top  pole  piece  at  die  entrance  and  exit 
of  the  magnet,  respectively.  This  shielded  die  circulating 
beam  tube  from  the  fringe  gap  field  (see  Figure  4). 

2.  "Field  clamps"  were  designed  to  shield  coil  end  fields 
(see  Figure  4). 

The  results  of  the  shielding  can  be  seen  in  Figure  5, 
which  shows  the  magnitude  of  the  field  inside  die  circulating 
beam  tube  on  a  rectangular  surface  that  is  parallel  to  the  top 
part  of  the  beam  starting  30  cm  inside  die  magnet  and  ending 
30  cm  outside.  The  field  levels  below  this  rectangular 
surface,  where  the  beam  is,  are  lower. 


Figure  5. 
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Abstract 

Conceptual  designs  have  been  made  for  two  types  of  mul¬ 
tipole  corrector  magnets  for  use  in  TRIUMF’s  proposed 
KAON  Booster  ring  which  operates  at  50  Hz.  The  lack 
of  space  in  the  synchrotron  lattice  makes  it  attractive  to 
combine  dipole,  quadrupole  and  sextupole  correctors  in  the 
same  yoke  structure. 

A  conventional  constant  current  density  winding  design 
is  compared  with  an  alternative  magnet  with  twelve  poles 
and  windings  distributed  in  slots  and  at  the  pole  faces.  The 
problem  of  induced  voltages  in  the  windings  is  discussed. 

I.  INTRODUCTION 

TRIUMF’s  Kaon  Factory  Booster  ring  design  calls  for 
extended  families  of  corrector  magnets  which  operate  at 
50  Hz.  A  suggestion  to  combine  dipole  and  quadrupole 
correctors  was  made  in  1989  [1]  and  a  preliminary  design 
presented.  Further  work  was  carried  out  in  1992  to  add  a 
sextupole  field  to  such  a  magnet.  This  paper  presents  two 
designs  for  a  combined  dipole,  quadrupole  and  sextupole 
magnet.  Each  type  of  field  requires  independant  current 
control. 

The  first  design  presented  is  for  a  magnet  with  a  cylin¬ 
drical  yoke  and  constant  current  density  windings  and  the 
second  is  for  a  12  pole  magnet  with  interpole  and  pole  face 
windings. 

II.  REQUIRED  FIELD  PARAMETERS 

It  was  decided  to  investigate  a  magnet  with  the  param¬ 
eters  listed  in  Table  1  which  would  cover  the  magnets 
in  the  arcs  specified  with  sextupole  fields  which  would 
be  the  most  demanding.  Production  magnets  would  be 
made  with  variations  e.g.  some  magnets  would  have  skew 
quadrupole  windings  but  not  dipole  windings. 


Table  1  Parameters  of  Study  Magnets 


Minimum  bore  radius 

62.0  “ 

mm 

Good  field  radius 

52.0 

mm 

Magnetic  length 

0.3 

m 

Dipole  field 

0.027  ±  3.1  % 

T 

Quadrupole  field 

0.865  ±  2.3  % 

T/m 

Sextupole  field 

17.3  ±  1.1  % 

T/m2 

III.  CYLINDRICAL  YOKE  MAGNET  WITH 
CONSTANT  CURRENT  DENSITY  WINDINGS 


The  section  shown  in  Fig.  la  is  a  conceptual  design  based 
on  [2]  which  meets  the  criteria  of  Table  1.  The  winding 
configuration  was  chosen  to  make  the  most  efficient  use 


Fig.  1.  Magnet  Cross  Sections:  a)  Cylindrical  Yoke,  con¬ 
stant  current  density  windings;  b)  Multipole  with  inter¬ 
pole  and  pole  face  windings. 

of  space  as  the  windings  requiring  the  most  ampere  turns 
are  placed  closest  to  the  inner  diameter.  A  radial  space  of 
0.5  cm  was  maintained  between  each  set  of  coils  and  the 
steel  yoke  to  allow  for  coil  formers  which  would  1  nested 
together  in  the  magnet  assembly.  The  sextupole  .  i  inner 
radius  has  a  0.8  cm  allowance  over  the  6.2  cm  inner  radius 
specified.  Because  the  steel  yoke  enhances  the  fields  of  the 
individual  coils  and  its  inner  radius  is  not  initially  known 
several  iterations  of  the  design  equations  are  needed  to 
determine  the  coil  radii.  The  magnet  parameters  are  given 
in  Table  2. 


Table  2  Cylindrical  yoke  magnet  parameters. 


Winding 

Inner 

Radius 

cm 

Outer 

Radius 

cm 

Current 

Density 

A/cm2 

Coil . 

Angle 

Degrees 

Dipole 

14.25 

14.75 

415 

60 

Quadrupole 

11.5 

13.75 

475 

30 

Sextupole 

7.0 

11.0 

460 

20 

Steel  Yoke 

15.25 

18.25 

- 

- 

Magnet  Bore 

- 

6.2 

- 

- 

Calculations  from  the  formulae  given  in  [2]  and  the 
POISSON  code  show  that  the  magnet  will  produce  the 
specified  fields.  The  field  quality  requirements  are  also  ex¬ 
ceeded  although  the  dipole  does  have  an  N=5  component 
of  about  1%  and  an  N=7  component  of  about  0.2%.  It 
would  be  possible  to  reduce  these  if  necessary  by  modi¬ 
fying  the  winding  configurations  [3].  The  harmonics  are 
essentially  unchanged  when  the  windings  are  excited  indi¬ 
vidually  and  simultaneously. 

It  has  been  assumed  that  each  component  of  the  magnet 
would  have  the  same  effective  length,  but  in  view  of  the 
differing  coil  radii  this  may  not  be  exactly  true.  Before  a 
magnet  was  designed  in  detail  this  would  be  checked  using 
the  TOSCA  code  and  if  necessary  the  operating  currents 
would  be  adjusted.  The  yoke  flux  density  is  low,  being 
about  3.2  kG  maximum. 
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The  winding*  would  be  made  from  square  hollow  cop¬ 
per  conductor  0.162  in.  square  x  0.090  in.  ID  (  4.1  mm 
square  x  2.29  mm  ID  )  each  winding  would  operate  at  ap¬ 
proximately  100  A  peak.  The  coolant  temperature  rise 
was  limited  to  20  C  to  allow  a  margin  for  eddy  current 
losses  caused  by  transverse  fields  in  the  conductor  mate¬ 
rial.  These  losses  are  estimated  at  5.6  Watts/m  for  this 
conductor  in  a  transverse  field  of  3  kG.  At  this  level  the 
losses  are  similar  to  the  coil  resistive  losses. 

The  power  supply  requirements,  Table  3,  are  estimated 
from  resistive  losses  and  stored  energies.  Operating  mar¬ 
gins  and  any  allowance  for  core  losses  have  not  been  in¬ 
cluded.  The  operating  frequency  is  50  Hs. 

Table  3.  Biased  power  supply  requirements. 

A  rms  V  rms  VA  rms 


The  windings  use  the  same  conductor  at  similar  current 
densities  as  the  previous  design.  Except  for  the  pole  tip 
windings  the  conductors  are  in  low  field  regions  between 
the  poles  so  eddy  current  losses  will  not  be  large. 

The  maximum  flux  density  in  the  poles  and  yoke  with 
all  coils  excited  is  1.1  T. 

The  minimum  power  supply  ratings  for  each  component 
estimated  for  the  inductive  component  only,  are  given  in 
Table  5. 


Table  5.  12  pole  magnet  power  supply  requirements. 


Dipole 

Quadrupole 

Sextupole 

AC  RMS  Current  (A) 
RMS  Voltage  (V) 
kVA  Rating  (kVA) 

27.78 

14.92 

0.43 

38.75 

129.0 

5.0 

40.55 

155.8 

6.32 

Quadrupole 

Sextupole 


Each  coil  would  be  cooled  with  a  single  cooling  circuit 
except  for  the  quadrupole  which  might  need  two  circuits 
per  coil  because  of  pressure  drop  considerations. 

IV.  A  12  POLE  MAGNET  WITH  INTERPOLE  AND 
POLE  TIP  WINDINGS 

An  alternative  multipole  design  is  shown  in  Fig.  lb, with 
parameters  listed  in  Table  4.  It  is  similar  in  concept  to 
dc  magnets  used  at  Daresbury  as  multipoles  in  the  SRS, 
but  with  ac  excitation  as  provided  by  the  programmed 
quadrupoles  in  the  earlier  synchrotron  NINA  at  the  same 
laboratory  [4-7]. 

The  sextupole  field  is  superposed  on  the  basic  12  pole  ge¬ 
ometry  with  only  alternate  poles  excited.  The  quadrupole 
coils  each  surround  two  poles  with  four  poles  unused.  Each 
dipole  coil  couples  to  six  poles  with  a  distributed  winding 
that  grades  the  ampere-turns  according  to  the  angle  of  the 
pole.  The  magnet  bore  is  larger  than  specified  to  obtain 
adequate  field  quality  for  the  quadrupole  harmonic.  The 
pole  face  windings  on  the  unused  sextupole  poles  are  nec¬ 
essary  to  offset  the  field  distortion  caused  by  these  poles. 

Table  4.  12  pole  magnet  parameters. 


4.1  II  |l  M  II  M.t  Mil  III  lit  m  »l 


Clear  bore  radius 

8.5  cm 

Pole  tip  radius 

11.0  cm 

Pole  width 

2.8  cm 

Pole  height 

7.5  cm 

Yoke  radial  thickness 

3.5  cm 

Outer  radius 

22.0  cm 

Dipole 

Number  of  Turns 

30 

Peak  Current 

81.4  A 

RMS  Current 

49.8  A 

Quadrupole 

Number  of  Turns 

38 

Peak  Current 

109.6  A 

RMS  Current 

67.1  A 

Sextupole 

Number  of  Turns 

55 

Peak  Current 

114.7  A 

RMS  Current 

70.3  A 

•it  It  M  II  *•  Nil  HI  HI  HI  HI  HI 

Fig.  2.  Multipole  Magnet  Flux  Contours:  a)  Dipole; 
b)  Quadrupole;  c)  Sextupole. 


Fig  3.  Field  Profiles  vs  Radius:  a)  Dipole;  b)  Quadrupole; 
c)  Sextupole. 

Figure  2  shows  the  flux  distributions  for  quarter  sections 
of  the  magnet  with  individual  coils  energised. 

The  field  profiles  along  the  horizontal  axis  are  shown  for 
both  magnets  in  Fig.  3.  The  apparent  drop  in  value  of  the 
sextupole  constant  at  small  radii  is  not  real,  but  is  caused 
by  the  method  of  calculation. 

V.  HARMONIC  PICKUP  BETWEEN  COILS 

The  various  coils  will  act  as  pickup  coils  to  the  driven 
coils  of  a  different  harmonic. 

Let  the  pickup  coil  have  harmonic  m  and  the  driving  coil 
n,  with  a  phase  difference  between  them  of  ip.  Then  the 
pickup  coil  response  is  given  by 

Sm  =  om  cae(m0  +  ip)  (1) 

and  for  the  driving  voltage 

Bn  =  b„  cos(ntf)  (2) 

The  voltage  output  of  the  pickup  coil  is  the  product  of 
eq.  (1)  and  eq.  (2).  Over  2  x  the  integrated  output  is 

V  ss  /  am6„  cos(m0  +  ip)c<x(n0)d6  (3) 

Jo 


and  if  m  /  n  V  =  0 

but  if  n  =s  m  V  =  x Omb„  cos  ip 

Therefore  in  principle  each  coil  will  only  pickup  from  it's 
own  harmonic.  However  if  the  coils  are  not  perfectly  made, 
any  imperfection  harmonic  will  be  picked  up. 

This  conclusion  was  confirmed  by  using  the  PE2D  code 
and  by  measurements  on  a  small  scale  simple  models. 

VI.  MANUFACTURING  CONSIDERATIONS 

Both  magnet  designs  are  similar  in  size  and  complexity 
and  the  choice  between  them  will  be  made  on  a  cast  basis. 
Detailed  engineering  designs  have  not  been  made.  It  is 
anticipated  that  the  coils  will  be  preformed  and  cast  in 
sub-assemblies  that  will  be  assembled  together.  The  length 
constraint  is  such  that  saddle  end  coils  will  be  specified  and 
it  will  be  necessary  to  assemble  the  yokes  around  them. 
The  laminations  for  the  cylindrical  magnet  will  be  made 
from  two  overlapping  halves  and  there  may  have  to  be  six 
laminations  to  form  the  multipole  geometry. 

VII.  CONCLUSIONS 

We  believe  that  both  designs  are  feasible.  They  are  sim¬ 
ilar  in  size  and  operating  current  densities  and  both  meet 
the  field  criteria  specified.  The  multipole  design  has  a  bet¬ 
ter  sextupole  and  dipole  profile  but  a  poorer  quadrupole. 
The  power  supply  kVA  rating  for  the  constant  current  den¬ 
sity  design  is  a  factor  of  two  lower  than  for  the  multipole 
design  mainly  due  to  the  smaller  radii  of  the  windings. 
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Abstract 

Magnetic  saturation  in  the  vicinity  of  longitudinal  edges  re¬ 
sults  in  a  small  decrease  in  effective  length  with  increasing 
excitation  current.  This  phenomenon  does  not  pose  any 
problem  in  a  machine  where  all  dipoles  are  identical.  In 
the  Fermilab  Main  Injector  lattice,  dipoles  of  two  different 
physical  lengths  are  used.  The  effective  length  variation 
is  caused  by  end  effects  and  is  essentially  independent  of 
the  physical  length  of  each  type  of  magnet.  However,  the 
relative  variation  is  larger  for  the  short  magnets.  Since  all 
dipole  magnets  are  on  a  common  bus,  the  dosed  orbit  is 
modified  in  an  energy  dependent  way.  Although  this  effect 
can  be  compensated  with  corrector  magnets,  a  better  ap¬ 
proach  is  to  design  the  dipole  magnets  so  as  to  minimise 
absolute  effective  length  variations.  This  can  be  accom¬ 
plished  with  a  suitable  longitudinal  pole  profile  in  the  end 
region.  Theoretical  considerations  and  numerical  calcula¬ 
tions  leading  to  the  choice  of  this  profile  are  presented. 


I.  Introduction 

The  net  (horixontal)  angular  deflection  experienced  by  a 
particle  of  momentum  p  going  through  a  dipole  magnet  is 
given  by 

8 = ~ = !  r  W8 

P  P  j — oo 

For  highly  relativistic  particles,  /?  ~  1.  Accelerator  mag¬ 
nets  are  generally  designed  in  two  dimensions.  Since  by 
symmetry,  the  field  does  not  have  any  axial  component  in 
the  midplane,  a  straightforward  two-dimensional  calcula¬ 
tion  tends  to  accurately  predict  the  field  in  that  plane.  To 
separate  bulk  saturation  effects  from  the  small  changes  in 
the  longitudinal  field  profile,  it  is  convenient  to  introduce 
an  “effective” or  “magnetic”  length  Le,  defined  as  follows, 

’Operated  by  the  Universities  Research  Association,  Inc.,  under 
contract  with  the  U.S.  Department  of  Energy. 

0-7803-1203- 1/93S03.00  0 1993  IEEE 


with  the  origin  of  the  coordinate  system  in  the  center  of 
the  magnet 

=  5 <2> 

The  deflection  can  then  be  written  in  the  form 

*(/)  =  iB,(/;0,0,0)L,(/)  (3) 

P 

When  the  permeability  is  infinite,  the  vertical  field  on 
axis  and  the  effective  length  can  be  estimated  by  solving  in 
the  y  —  s  plane  for  the  magnetic  scalar  potential  assuming 
that  the  poles  are  equipotential  surfaces.  Unfortunately, 
this  approach  fails  when  the  permeability  is  finite  or  when 
there  is  saturation;  furthermore,  it  tends  to  overestimate 
the  field  beyond  a  distance  of  the  order  of  one  gap  width 
away  from  the  physical  end  of  the  magnet.  A  full  three- 
dimensional  solution  is  required  to  correctly  model  non- 
uniform  saturation  and  the  faster  field  decay  due  to  the 
finite  width  of  the  magnet. 

It  should  not  be  too  surprising  that  a  simple  rectan¬ 
gular  end  results  in  relatively  large  variations  of  Le  with 
increasing  current.  The  high  flux  density  in  the  corner  re¬ 
gion  causes  non-uniform  saturation  that  tends  to  make  the 
flux  in  the  end  region  weaker,  resulting  in  a  decreasing  Le. 
Clearly,  the  poles  must  be  profiled  longitudinally  to  con¬ 
trol  nonuniform  saturation  effects.  As  a  starting  point,  it 
is  natural  to  consider  two  classical  profiles:  the  Borda  and 
the  Rogowski  profiles. 

II.  Borda  Profile 

The  Borda  profile  (which  has  also  been  attributed  to 
Helmholtz)  is  well-known  in  classical  hydrodynamics.  It 
corresponds  to  the  the  curve  defined  by  the  streamlines 
for  a  fluid  issuing  from  a  large  vessel  by  an  aperture  in  a 
plane  wall.  In  magnetostatics,  the  streamlines  correspond 
to  lines  of  constant  vector  potential.  When  the  permeabil¬ 
ity  is  infinite,  the  Borda  profile  is  such  that  the  magnitude 
of  the  magnetic  flux  density  along  the  profile  is  constant. 
Since  the  saturation  level  depends  on  the  magnitude  of  the 
field,  it  seems  reasonable  to  expect  that  the  Borda  profile 
would  help  minimizing  the  variation  in  Le  by  making  the 
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end  region  saturate  uniformly.  We  shall  see  that  in  prac¬ 
tice,  this  is  not  really  the  ease.  An  analytical  expression 
for  the  Borda  profile  can  be  obtained  using  standard  con¬ 
formal  mapping  techniques  [2].  In  parametric  form,  the 
result  is 


=  2# 
_  T 

^sin^  -  logtan(|  +  J)| 

(4) 

II 

*14? 

(5) 

where  0  <  V>  <  t/2  and  2 g  is  the  total  gap  in  the  uniform 
field  region.  The  Borda  profile  is  shown  in  figure  1.  Note 
that  the  ratio  of  the  maximum  to  minimum  aperture  is 
(t  +  2)/t. 


or,  with  x  s  x  +  iy  and  w  =  u  +  iv 


—  ~~(v  +  1  +  e*  cos  v) 

(7) 

=  — (»  -f  e*  sin  e) 

T 

(8) 

where  — t  <  t>  <  t  and  — oo  <  u  <  oo.  The  function  6 
was  actually  first  introduced  by  Maxwell  and  describes  the 
equipotentials  lines  of  a  semi-infinite  capacitor.  If  the  field 
in  the  uniform  region  is  Ho,  the  magnitude  of  the  field  is 


mbs  norm 

s 


4 
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Figure  1:  The  Borda  Profile. 


III.  Rogowski  Profile 

This  profile  was  introduced  in  the  context  of  study  of  elec¬ 
trical  breakdown  in  gases.  Rogowski  realized  that  paral¬ 
lel  metal  plates  of  finite  dimensions  create  a  problem  of 
electrical  stress  control  at  the  edges  of  the  plates.  De¬ 
pending  upon  the  material  to  be  tested,  the  breakdown 
strength  may  be  very  sensitive  to  local  high  fields  within 
the  whole  electrode  arrangement.  Therefore,  the  highest 
stress  should  only  be  present  in  the  homogeneous  field  re¬ 
gion,  where  the  plates  are  parallel.  A  certain  profile  of 
electrodes  is  necessary  outside  the  plane  region  but  the 
Arid  strength  at  the  curved  edges  should  never  exceed  the 
value  Ho  =  V/2g  where  V  is  the  applied  voltage  and  2 g  the 
distance  between  the  plates.  Rogowski  proposed  electrodes 
whose  profile  follows  the  analytical  function 

*  =  ^(w  +  l  +  e«)  (6) 


When  —t/2  <  v  <  »/ 2,  the  field  strength  has  its  maxi¬ 
mum  value  in  the  homogeneous  field  region  and  decreases 
monotonically  within  the  curvature  with  increasing  values 
ti.  Rogowski  chose  the  profile  defined  by  v  =  t/2  and 
—oo  <  o  <  oo  because  it  is  the  most  compact  profile  that 
has  this  property.  Since  the  field  in  the  end  region  is  al¬ 
ways  weaker  than  the  body  field,  the  end  region  can  be  ex¬ 
pected  not  to  saturate  significantly  until  the  body  is  well 
saturated.  This  should  help  keeping  the  effective  length 
constant,  at  least  for  excitations  below  the  level  required 
to  saturate  the  end  region  significantly.  This  approach 
turns  out  to  work  fairly  well  in  practice.  Note  in  passing 
that  the  Rogowski  profile  can  also  be  defined  as  the  profile 
which  makes  the  vertical  component  of  the  flux  density  in 
the  pole  constant  along  the  pole  surface. 


Figure  2:  The  Rogowski  Profile. 
The  Rogowski  profile  is  shown  in  figure  2. 


2902 


IV.  3D  CALCULATIONS  [2]  Horace  Lamb,  “Hydrodynamics”,  Cambdridge  Univer- 


The  initial  attempt*  at  computing  changes  in  effective 
length  for  different  profiles  were  not  very  successful.  As 
part  of  the  Main  Injector  magnet  RfcD  program,  measure¬ 
ments  were  therefore  performed  on  endpacks  made  out  of 
stacked  laminations,  for  both  the  Borda  and  Rogowski  pro¬ 
files  [2].  The  Borda  endpack  was  measured  first  and  the 
results  were  not  encouraging;  however,  the  Rogowski  end- 
pack  met  the  specifications. 

Better  computer  facilities  subsequently  became  available 
and  the  calculations  were  performed  again,  this  time  with 
much  improved  resolution.  The  results  for  one  end  piece 
are  presented  in  Thble  1.  Note  that  only  the  changes  in 
length  are  significant.  All  calculations  were  made  for  one 
half  of  a  magnet  approximately  SO  cm  long.  The  agree¬ 
ment  with  the  measurements  presented  in  reference  [2]  is 
now  relatively  good,  considering  the  fact  that  the  computer 
model  is  an  idealised  smooth  profile  and  that  no  attempt 
has  been  made  to  model  the  permeability  anisotropy  intro¬ 
duced  by  the  laminations.  For  example,  at  9500  Amperes, 
the  model  predicts  a  decrease  of  6.6  mm  per  end  for  the 
Borda  profile.  The  measured  value  is  4.5  mm.  For  the 
Rogowski  profile,  the  measured  decrease  is  approximately 
1  mm  and  the  calculated  value  is  0.3  mm. 


Profile  type 

ft  —  oo  |  I  =  7000  A  |  /  =  9ii00  A  ! 

borda  Profile 

51.6612  cm 

51.8087  cm  51.0017  cm 

ftogowski 

54.7420  cm 

54.7327  cm  54.7118  cm 

Thble  1.  Calculated  Effective  Lengths  (3D  Model) 


The  calculations  also  demonstrated  that  the  problem 
with  the  Borda  profile  is  the  presence  of  rather  non-uniform 
saturation  in  the  bulk  of  the  pole,  right  above  the  tapered 
region.  The  calculated  longitudinal  field  profiles  are  illus¬ 
trated  in  figure  3.  Note  the  almost  linear  decrease  of  the 
field  within  the  body  of  the  magnet. 
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Abttmct 

The  moon  g-2  experiment  (E821)1  at  the  AGS  requires  a 
precision  in  the  magnetic  field  over  muon  orbit  at  the  level 
of  0.1  ppm.  Injection  is  done  with  a  superconducting  inflec- 
tor  involving  a  double  cosine  theta  winding  approximately 
cancels  its  fringe  field.  Nevertheless  its  residual  field  would 
effect  the  homogeneity  of  the  storage  ring  magnetic  field.  A 
method  of  using  a  superconducting  sheet  surrounding  the 
inflector  to  farther  reduce  the  fringe  field  is  being  investi¬ 
gated.  The  experimental  program  to  explore  this  technique 
is  described  and  some  test  results  are  presented. 


Figure  1:  The  inflector  for  the  muon  storage  ring 
I.  INTRODUCTION 

The  goal  of  BNL  AGS  E821[l]  is  a  measurement  of 
ap  (a,,  —  (g  -  2)/2)  to  0.35  ppm,  a  factor  of  20  improve¬ 
ment  over  the  CERN  experiment  which  achieved  7.2  ppm 
in  1977.(2]  Improvements  include  much  higher  proton  beam 
intensity  at  the  AGS  due  to  the  booster,  and  a  superferric 
storage  ring  which  is  to  be  homogeneous  over  the  storage 
region  to  1  ppm  and  effective  magnetic  field  average  around 
the  ring  known  to  0.1  ppm.  At  the  ring  entrance,  differing 
from  the  coaxial  pulsed  device  in  CERN,  a  superconduct¬ 
ing  DC  inflector  was  proposed,  which  locally  cancels  the 

1  Work  performed  under  the  auspices  of  the  U.S.  Dept,  of  Energy. 
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field  of  the  main  storage  ring  magnet,  so  that  the  beam 
enters  as  close  as  possible  and  about  tangentially  to  the 
equilibrium  orbit  of  the  ring.  The  design  of  the  inflector 
was  based  on  the  truncated  double  cosine  principle  which 
minimises  the  fringe  field  by  the  cancellation  of  current 
distributions.^]  In  the  physical  realisation,  the  idea  sur¬ 
face  current  distributions  must  be  replaced  by  SC  wind¬ 
ings  (Fig.l),  hence  the  cancellation  will  not  be  complete 
due  to  the  discretisation  and  manufacture  tolerance.  A 
fringe  field  at  the  order  of  a  few  ppm  over  the  storage  re¬ 
gion  is  estimated.  Since  this  fringe  field  is  a  very  rapidly 
varying  function  of  position,  it  is  quite  difficult  to  correct 
it  by  using  the  conventional  iron  compensation  method. 
In  order  to  eliminate  this  residual  a  superconducting  sheet 
will  be  used  to  create  a  opposite  multipole  currents. 

II.  PRINCIPLE 

When  a  superconducting  surface  surrounds  a  magnetic 
device,  currents  are  induced  in  the  surface  which  oppose 
the  changes  in  magnetic  field  and  effectively  reduce  the 
field  outside  the  shield  to  sero.  This  supercurrent  acts  very 
much  like  the  eddy  current  described  by  Faraday’s  Law  of 
induction  and  Lens’s  Law,  except  they  do  not  decay.  Such 
shielding  is  effective  up  to  the  critical  current  density  of  the 
material  used  and  requires  that  no  discontinuities  exist  in 
the  surface  where  currents  must  flow  to  produce  the  desired 
field  distribution. 

III.  CONCEPTUAL  DESIGN 

Unlike  most  applications^]  (in  which  the  aim  is  to  shield 
relatively  large  fields),  the  residual  fringe  field  of  the  g-2 
inflector  is  fairly  low.  This  suggests  the  possibility  of  using 
a  plain  NbTi  sheet  containing  no  stablising  normal  metal 
as  a  relatively  unsophisticated  shield.  The  ideal  location  of 
the  SC  sheet  is  on  the  outer  surface  of  the  inflector  housing 
(Fig.l)  where  the  temperature  will  remain  at  4.6  K  as  long 
as  the  inflector  is  in  operation.  The  magnitude  of  the  field 
on  this  surface  is  estimated  at  several  hundred  gauss. 

The  inflector  must  stay  above  the  transition  tempera¬ 
ture  when  the  storage  ring  magnet  is  energised,  so  that  the 
flux  of  the  main  magnetic  field  can  penetrate  the  SC  sheet 
which  is  in  the  normal  state.  After  the  main  field  reaches 
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Its  stable  value  (1.45  T),  the  inflector  together  with  the 
shield  can  be  cooled  to  Ikjaid  helium  temperature.  As  the 
carnal  of  the  inflector  increases,  dB/dt  induces  supercur¬ 
rents  in  the  sheet,  which  keep  the  fringe  flex  from  entering 
the  interior  of  the  sheet. 

IV.  MATERIAL  EVALUATION 

Magnetisation  measurements  can  be  used  to  determine 
the  critical  current  density  of  superconductors  in  sheet 
form. 

A  piece  of  Nb-46.5w/oTi  sheet,  0.5  mm  thick,  was  pro¬ 
vided  by  Teledye  Wah  Chang.  Figure  2  shows  the  critical 
current  density  J„  as  a  function  of  magnetic  field  at  4.2  K, 
measured  by  BNL  Materials  Science  Division.  While  this 
current  density  is  very  low  compared  modern  mnltifilamen- 
tary  composites,  it  is  high  enough  to  provide  significant 
shielding  at  low  field  levels. 

V.  SHIELDING  TEST 

In  order  to  examine  the  shielding  capabilities  of  this 
sheet  before  the  completion  of  the  inflector,  it  was  tested 
in  the  RHIC  Magnet  Division,  using  an  existing  super¬ 
conducting  SSC  sextupole  coil  to  simulate  the  inflector. 
Figure  S  shows  the  experiment  arrangement.  The  NbTi 
sheet  surrounds  a  superconducting  sextupole  magnet  and 
is  equipped  with  a  heater  made  from  stainless  steel  rib¬ 
bon,  which  controls  the  temperature  of  the  shield.  Two 
Hall  probes  H\  and  Jfj  were  used  for  monitoring  the  mag¬ 
netic  flux  densities  inside  and  outride  of  the  flux  shield. 
They  are  situated  at  position  where  the  flux  lines  are  per¬ 
pendicular  to  the  shield  surface.  Figure  4  shows  the  field 
seen  by  the  probes,  as  a  function  of  the  sextupole  current. 
The  shield  was  capable  of  excluding  flux  from  the  outer  re¬ 
gion  upto  the  maximum  current  of  the  sertupole  coil  (256 
A)  where  the  field  at  the  sheet  surface  should  be  about 
1260  gauss.  With  the  sextupole  current  set  at  100  amps, 
probe  Hi  was  moved  along  the  total  length  of  the  coil  with 
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Figure  2:  The  critical  current  density  of  the  NbTi  sheet 
deduced  from  magnetisation  measurements 


Figure  3:  The  experiment  arrangement  used  to  test  the 
shielding  properties  of  the  0.5mm  NbTi  sheet. 

the  shield  in  both  the  superconducting  and  normal  states. 
The  results  are  shown  in  Fig.5.  The  sextupole  is  somewhat 
longer  than  the  flux  shield  and  is  positioned  so  that  one 
end  is  not  shielded.  The  transition  from  the  the  shielded  to 
the  unshielded  region  occurs  smoothly  despite  the  sudden 
change  in  the  local  conditions. 

In  order  to  observe  some  flux  penetration,  one  has  to  in¬ 
crease  the  temperature  of  the  sheet  by  adjusting  the  power 
of  the  heater.  This  is  illustrated  in  Fig.6  where  the  maxi¬ 
mum  current  density  induced  in  the  NbTi  sheet  is  plotted 
against  temperature.  The  current  density  was  computed 
from  the  flux  change  inride  the  sextupole  and  the  tem¬ 
perature  estimated  from  the  heater  power  input.  In  the 
temperature  range  between  4.2  K  and  6  K  the  flux  that 
can  be  shielded  is  erratic  indicating  a  lack  of  stability  of 
the  higher  current  densities  in  this  simple  shield. 

VI.  CONCLUSION 

The  material  evaluation  and  shielding  test  verified  the 
feasibility  of  using  superconducting  material  to  eliminate 
the  inflector  fringe  field.  Further  tests  are  planned  using 
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SEXTUPOLE  CURRENT.  A 

Figure  4:  The  field  at  Hall  probes  1  and  2  as  a  function 
of  sextupole  current  with  the  flux  shield  in  the  supercon¬ 
ducting  and  normal  state. 
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Figure  5:  The  field  distribution  along  the  length  of  the 
aextupole  at  100  amps  with  the  flux  shield  in  the  super¬ 
conducting  and  normal  state. 


Figure  4:  The  critical  current  induced  in  the  supercon¬ 
ducting  shield  as  a  function  of  temperature 


higher  J£  stabilised  NbTi  sheet[6}  on  an  infiector  prototype 
made  by  Japan  KEK.  These  tests  will  be  in  a  background 
field  of  1.46  T  to  simulate  more  accurately  the  actual  con¬ 
ditions  the  infiector  wiD  experience  in  the  storage  ring. 
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Abstract 

In  order  to  *tudy  the  particle  trajectories  in  the  fringe 
field  of  the  AGS  ring  dating  the  single  bunch  multiple  ex¬ 
traction  (  or  fast  extraction)  from  the  the  AGS  to  the  mnon 
g-2  experiment  and  to  the  RHIC,  the  magnetic  field  of  the 
AGS  combined  function  magnets  were  calculated  by  us¬ 
ing  the  TOSCA  program.  The  results  are  compared  with 
the  field  maps  of  the  previous  measurements.  The  particle 
tracking  is  achieved  by  using  the  TOSCA  program  post¬ 
processor. 

I.  INTRODUCTION 

The  design  of  the  AGS  new  fast  extraction  beam 
(NewFEB)  system  for  the  g-2  experiment  and  RHIC  in¬ 
jection  [1]  requires  detailed  magnetic  field  knowledge  about 
the  AGS  main  magnets,  so  that  one  may  predict  the  trajec¬ 
tories  of  29  GeV/c  protons  in  the  fringe  field  region  during 
the  extraction  (Fig.l).  2d  and  3d  magnetic  field  compu¬ 
tations  have  been  done  by  using  POISSON  and  TOSCA 
programs.  Partial  results  are  described  in  this  note.  The 
comparisons  between  calculated  field  values  and  measured 
field  maps  show  that  if  one  properly  handles  the  TOSCA 
program,  high  accuracy  can  be  achieved.  Further  studies 
will  show  that  particle  tracking  by  using  the  post  process 
of  the  TOSCA  program  is  feaable[2]. 


Figure  1:  New  FEB  in  AGS 


Figure  2:  Pole  Shape  (open  type) 


n.  AGS  MAGNETS 

The  AGS  combined  function  main  magnets  perform  two 
functions:  a)  guiding  the  proton  beam  into  the  circle  and 
b)  focusing  the  beam.  Each  of  the  240  magnets  around 
the  AGS  ring  deflects  the  protons  by  1.5  deg,  or  360  deg  in 
all,  to  complete  a  nearly  circular  path.  The  reference  circle 
is  128.46  meter  in  diameter.  The  physical  length  path  of 
the  magnets  occupies  about  two  thirds  or  the  circumfer¬ 
ence,  the  rest  being  available  as  straight  sections  between 
magnets  for  other  equipment.  According  to  the  principle  of 
alternating  gradient  strong  focus,  two  types  of  magnets  are 
utilised  -"open”  type  and  "closed”  type.  Figure  2  shows 
the  pole  shape  of  a  "open”type[4].  The  pole  surface  of  the 
AGS  magnets  was  well  designed  many  years  ago,  based  on 
constant  magnetic  scalar  potential  surface.  The  material 
of  the  magnets  is  the  Electrical  Grade  M-36  Steel  Lamina¬ 
tions,  which  contains  1.80%  silicon  and  0.03%  carbon.  The 
laminations  are  insulated  from  one  another  by  a  coating  of 
varnish  to  inhibit  eddy  currents.  The  stacking  factor  of  the 
laminations  is  about  0.98[3].  The  B-H  data  used  in  calcu¬ 
lations  was  based  on  a  measured  magnetisation  curve.  It 
was  interporated  in  order  to  ensure  the  smoothness  of  its 
first  derivatives  and  the  continuity  of  its  second  derivatives. 


1  Work  performed  under  the  auspices  of  the  U.S.  Dept,  of  Energy  III.  TOSCA  CALCULATIONS 
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Figure  7:  Comparison  (fringe  field  region) 
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Figure  6:  Comparison  (beam  line) 
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Figure  9:  Particle  Tracking  in  Tosca  Model 


The  advent  of  relatively  inexpensive  and  powerful  com¬ 
puters  has  inspired  the  development  of  the  large  scale  three 
dimensional  codes.  TOSCA  is  one  of  the  most  well  known 
commercial  codes  which  is  widely  used  in  the  industry  and 
accelerator  field. 

Based  on  the  reference  [4],  a  finite  element  model  of  one- 
quarter  of  the  “open"  type  AGS  magnet  was  constructed. 
Figure  3  only  shows  the  steel  part.  The  origin  of  the  coor¬ 
dinate  system  of  the  TOSCA  calculations  is  in  the  middle 
of  the  magnet  and  also  at  the  beam  center  which  is  2  inch 
away  from  the  geometrical  center  of  the  pole.  The  positive 
a  direction  is  pointing  the  ring  center. 

Figure  4  shows  the  landscape  plot  of  the  vertical  com¬ 
ponents  of  B-field  on  the  median  plane,  around  the  edge  of 
the  magnet.  The  base  area  1-2-3-4  stands  for  the  part  of 
the  median  plane.  The  cartesian  and  polar  coordinates  of 
these  four  corners  are  listed  on  the  right  side  of  the  figure. 
The  vertical  height  of  the  surface  stands  for  the  magnitude 
of  the  component  By  at  particular  position  on  the  median 
plane.  On  the  base  area,  there  is  a  family  of  curves  which 
represents  the  equal-height  contours  (or  constant  Bt  lines). 

Followings  are  part  of  the  comparisons  between  the 
TOSCA  results  and  the  measured  data. 

(a)  Compare  with  the  low  field  measurements: 

Measured  data  file  A[5]  is  the  field  map  with  the  applied 

current  2880  ampere  per  coil.  The  center  field  is  about 
815  gauss,  corresponding  to  2  GeV/c  protons.  Figure  5 
shows  the  comparison  between  the  measured  data  and  the 
calculation,  on  the  median  plane,  near  the  center  of  the 
magnet.  The  difference  is  about  0.6%.  Figure  6  shows  the 
comparison  along  the  central  beam  line;  the  difference  is 
about  0.7%.  Figure  7  shows  the  comparison  in  the  fringe 
field  region  (6  inch  away  from  the  center);  the  difference  is 
about  0.3%. 

(b)  Compare  with  the  high  field  measurements: 

Measured  data  file  B[5]  is  the  field  map  of  a  open  type 

AGS  magnet;  the  applied  current  is  41000  ampere  per  coil 
(5150  ampere  per  pair),  corresponding  to  29  GeV/c  pro¬ 
tons. 

Measured  data  file  BF[5]  is  again  the  field  map  of  a  open 
type  AGS  magnet,  except  it  measured  only  in  the  fringe 
field  region  along  the  open  side  of  the  magnet. 

Figure  8  shows  the  comparison  between  the  above  two 
measured  field  maps  and  the  TOSCA  calculated  results. 
The  measured  data  B  covers  from  x  =  0  cm  to  x  =  18  cm. 
The  difference  between  this  measured  data  and  the  calcu¬ 
lation  is  about  0.5%. 

The  measured  data  BF  covers  the  region  x  from  -40  cm 
to  0,  along  the  z  axis.  It  is  noticed  that  near  the  point 
*  =  —9.14  cm,  the  second  order  derivative  shows  some 
discontinuity.  Accordingly  one  may  estimate  that  the  mea¬ 
surements  error  could  be  about  1.1  %.  These  possibly  arose 
from  relocating  the  equipment  and  remaining  magnetiza¬ 
tion  in  the  steel  core  during  the  measurements. 


Authors  like  to  comment  the  TOSCA  program  and  com¬ 
putations  on  the  following  points. 

(a) Time  Consumption.  The  time  cost  for  constructing 
the  finite  element  model  depends  on  the  problem  size,  com¬ 
plexity  and  the  experience  of  the  user.  The  computer  CPU 
time  has  reduced  tremendously  once  softwares  are  avail¬ 
able  on  the  UNIX  machine  (IBM  RISC  System).  Generally 
speaking,  to  obtain  a  field  map  with  a  reasonable  accuracy, 
it  takes  less  man  power  by  using  TOSCA  program  than  by 
carrying  out  a  measurement.  Nevertheless  measurements 
are  always  indispensable,  since  it  is  the  most  important 
way  to  examine  the  computed  results,  as  long  as  the  mag¬ 
net  is  existing  and  accessible. 

(b) The  Accuracy  of  the  TOSCA  program.  The  local  er¬ 
ror  at  a  field  point  is  determined  by  (1)  the  size  of  the 
elements  surrounding  the  point;  (2)  the  types  of  these  el¬ 
ements  (linear  or  quadratic);  (3)  the  method  required  to 
calculate  the  field  value  from  the  potential  array  (differen¬ 
tiation  of  shape  function,  interpolation  of  nodal  averaged 
values,  or  integration  of  magnetisation  and  currents);  (4) 
the  far  boundary  conditions  and  the  potential  types.  From 
first  glance,  one  could  say  that  the  accuracy  is  strongly 
linked  to  the  size  of  the  elements  which  is  limited  by  the 
capacity  of  the  program,  but  this  is  not  the  only  factor. 
By  making  correct  choices  from  factors  (2),  (3)  and  (4), 
reasonablely  high  accuracy  is  achievable.  According  to  the 
results  presented  in  this  note,  the  error  of  the  TOSCA 
computation  is  within  the  error  of  the  measurements. 

The  TOSCA  output  file  contains  the  complete  informa¬ 
tion  of  the  magnetic  field,  and  its  post-processor  is  capable 
of  performing  particle  trackings.  Figure  9  shows  an  exam¬ 
ple  of  29  GeV  proton  trajectory  in  an  AGS  opend  type 
magnet.  Further  studies  about  the  beam  tracking  in  the 
fringe  field  region  will  be  carried  out. 
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Abstract 

The  survey  and  alignment  effort  for  the  Advanced  Light 
Source  (ALS)  accelerator  complex  has  been  described 
elsewhere  [1].  Data  analysis  for  this  task  comprises  the 
creation  of  ideal  data,  comparison  of  measured  coordinates  with 
ideal  ones,  and  computation  of  alignment  values,  taking  into 
account  the  effects  caused  by  finite  observation  accuracy.  A 
novel  approach  has  been  taken,  using  personal  computer 
spreadsheets  rather  than  more  conventional  programming 
methods.  This  approach  was  induced  by  the  necessities  to 
create  and  frequently  refine  the  analysis  procedures  while 
measurements  woe  already  underway,  and  farther  by  hardware 
constraints  that  limited  the  use  of  an  available  surveying  code. 
A  major  benefit  consists  in  the  ability  to  identify  and  deal 
with  discrepancies  that  occasionally  arise  when  different  tech¬ 
niques  are  used  to  observe  the  same  object,  in  a  timely  and  ef¬ 
ficient  manner.  As  a  result  of  the  performed  survey  and 
alignment  work,  the  ALS  lattice  magnets  have  been  positi¬ 
oned  with  accuracies  well  exceeding  the  original  specifications. 


The  general  survey  and  alignment  concept  for  the  ALS 
[1]  is  based  on  a  network  of  fixed  monuments  installed  in  the 
building  floor,  to  which  all  component  positions  are  referred. 
Contrary  to  the  original  intent,  foe  commercial  software  pack¬ 
age  ECDS®  is  being  used  for  data  acquisition,  bundling,  and 
transformations  from  observation-station  into  object  coor¬ 
dinate-systems.  Theodolites  only  are  used  as  observation 
instruments  with  ECDS,  and  an  absolute  scale  has  to  be  estab¬ 
lished  by  observing  some  object  of  precisely  known  length. 

For  the  tasks  of  creating  ideal  data  and  computing  align¬ 
ment  values,  spreadsheets  were  developed  by  foe  author  using 
foe  application  EXCEL®  for  Macintosh®  computers.  Choice 
of  a  spreadsheet  method  rather  than  conventional  programming 
techniques  proved  very  convenient  when  in  foe  course  of  this 
work  the  sheets  had  to  be  progressively  modified  under  severe 
time  pressure  to  include  new  effects  and  help  redefine  the  ob¬ 
servation  procedures.  With  spreadsheets,  varying  input  data 
formats  coming  from  the  survey  crew  could  be  easily  accom¬ 
modated,  and  adding  numerous  consistency  checks  as  well  as 


Figure  1.  Storage  ring  magnet  lattice  in  one  curved  section,  with  outlines  of  vacuum  chamber  (solid  line)  and  girder  (broken 
line).  For  magnet  designations,  see  Table  1.  Four  monuments,  Mon.,  are  used  as  survey  references;  two  of  them,  near  the 
adjacent  straight  section  centers,  are  not  shown  in  this  figure. 

I.  INTRODUCTION 

The  Advanced  Light  Source  (ALS)  electron  storage  ring, 
now  being  commissioned  at  Lawrence  Berkeley  Laboratory,  is 
the  main  accelerator  of  a  third-generation  synchrotron  radiation 
source  designed  to  produce  extremely  bright  photon  beams  in 
the  UVand  soft  X-ray  regions  [2].  The  1-1.9-GeV  ring  cons¬ 
ists  of  12  superperiods  with  196.8  m  total  circumference  and 
has  particularly  tight  positioning  tolerances  for  lattice 
magnets  and  other  components  to  assure  the  required 
characteristics. 


*  Work  supported  by  the  Director,  Office  of  Energy  Research, 
Office  of  Basic  Energy  Sciences,  Material  Sciences  Division, 
U.S.  Department  of  Energy,  under  Contract  No.  DE-AC03- 
76SF00098. 


generating  additional  ideal  data  for  special  alignment  tasks  was 
possible  without  much  effort.  Dedicated  spreadsheets  were 
created  for  each  of  the  12  curved  sectors  of  the  storage  ring. 

In  this  paper,  the  features  of  these  spreadsheets  are  pres¬ 
ented,  and  the  obtained  alignment  results  for  lattice  and  correc¬ 
tor  magnets  are  discussed. 

H.  SCOPE  AND  TOLERANCES 

Storage  ring  objects  designated  for  precision  alignment 
include;  a),  lattice  magnets  (36  bend  magnets,  72  quadrupoles, 
and  48  sextupoles);  b),  46  corrector  magnets;  c),  special 
magnets  (2  septa  and  4  bump  magnets);  d)  12  storage  ring 
vacuum  chambers,  represented  by  96  beam  position  monitors 
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(BPM),  8  per  chamber,  e),  2  rf  cavities;  and  f),  special  objects 
(photon  beam-line  components  and  gate  valves).  A  list  of  re¬ 
quired  local  tolerances  for  objects  discussed  in  this  paper  is 
given  in  Table  1.  These  values  are  understood  as  l-o  half¬ 
widths  of  every  error  distribution,  with  a  2-0  cut-off.  No  strict 
global  tolerance  value  is  established. 

Every  magnet  carries  four  fiducial  posts  that  are  welded 
to  its  upper  side  without  attempting  to  achieve  any  precise 
positioning;  the  positions  are  determined  by  a  coordinate 
measurement  machine.  Different  exchangeable  targets  are  used 
on  these  posts,  either  optical  targets  with  engraved  circle  and 
center  point  for  surveying  or  tooling  balls,  for  alignment  in 
combination  with  dial  indicators.  The  BPMs  can  be  equipped 
with  one  target,  each. 


Tablet 

Local  Alignment  Tolerances 


Object 

Aw 

[nun] 

Au 

fmm] 

Av 

[mm] 

Au' 

[mrad] 

Av’ 

fmradl 

Aw' 

[mrad] 

B 

0.15 

0.15 

0.15 

./. 

./. 

0.25 

QD 

0.3 

0.15 

0.15 

0.5 

QF 

0.3 

0.15 

0.15 

./. 

0.5 

QFA 

0.3 

0.15 

0.15 

./. 

./. 

0.5 

SF 

0.5 

0.15 

0.15 

./. 

./. 

./. 

SD 

0.5 

0.15 

0.15 

./. 

./. 

HVC 

1.0 

1.0 

1.0 

./. 

2.0 

BPM 

0.15 

0.15 

0.15 

./. 

./. 

./. 

B,  bend  magnet.  QD,  defocusing  quadrupole.  QF  and  QFA, 
focusing  quadrupoles.  SF,  focusing  sextupole.  SD, 
defocusing  sextupole.  HVC,  horizontal  and  vertical  correctin’ 
magnet.  BPM,  beam-position  monitor.  Tolerances  are 
described  in  local,  beam-following  coordinates:  w,  in  beam 
direction;  u,  radially  away  from  the  ring  center;  v,  vertically 
up.  u\  pitch;  v',  yaw;  w*.  roll.  J.  indicates  that  these  values 
are  predetermined  by  other  values  in  this  table. 

in.  INSTALLATION  AND  ALIGNMENT 

Magnets  and  vacuum  chambers  are  mounted  on  girders 
spanning  one  of  the  twelve  curved  storage-ring  sectors  each, 
see  Figure  1.  In  the  Erst  phase  of  installation,  the  vacuum 
chambers  are  precisely  aligned  to  their  girders,  represented  by 
12  girder  fiducials.  Then  the  magnets  are  installed  and  fine- 
aligned  to  the  girders  as  well.  As  a  last  step,  girders  and  their 
objects  are  aligned  to  the  global  ‘ALS  Coordinate  System’ 
represented  by  the  four  floor  monuments  in  the  immediate 
neighborhood  of  every  girder.  This  scheme  led  to  the  creation 
of  two  families  of  spreadsheets  in  which  object-alignment  data 
were  computed,  the  so-called  ‘girder’  and  ‘monument’  sheets. 

This  concept  of  separation  between  local  alignment  of 
objects  (magnets  or  chambers)  to  girder  fiducials  and  final 
global  alignment  of  girders  to  monuments  is  well  suited  in 
principle  to  minimize  the  entire  effort,  but  in  reality  it  failed 
because  the  girders  bent  too  much  under  the  weight  of  the 
installed  magnets,  and  thus  the  original  girder  fiducialization 
was  lost.  Therefore,  some  magnets  had  to  be  fine-aligned  to 
girders  using  survey  data  related  to  the  global  monument 


sytem,  and  the  final  alignment  of  the  vacuum  chambers  was 
performed  using  optical  tooling  methods  since  most  chamber 
fiducials  are  hidden  by  (he  magnets  themselves. 

All  alignment  values  are  ultimately  expressed  in  local, 
beam-following  coordinates  along  the  main  object  axes  to 
facilitate  the  orientation  of  dial  indicators  with  which  the 
alignment  is  controlled  on  every  fiducial.  Even  the  alignment 
to  monuments,  executed  by  moving  girders  only,  is  monitored 
on  selected  magnet  fiducials,  to  achieve  final  alignment  of  lat¬ 
tice  magnets  to  the  global  ALS  coordinate  system  in  the  most 
direct  manner. 

IV.  CREATION  OF  IDEAL  DATA 

Ideal  data  for  all  objects  included  in  the  survey  and  align¬ 
ment  effort  are  created  in  another  line  of  spreadsheets,  based  on 
mechanical  fiducialization  data  [3]  and  magnetic  measurements 
[4].  Special  effects  are  accounted  for,  such  as  magnetic-to- 
mechanical  axis  offsets  for  quadrupoles  and  sextupoles,  and 
roll  angles  introduced  by  shimming  the  two  halves  of  every 
quadrupole. 

These  data,  together  with  an  accelerator  lattice  file  [S] 
and  the  information  on  the  lattice  position  of  any  given 
magnet  in  the  entire  ring  are  being  used  to  convert  all  fiducial 
data  from  local  magnet  systems  into  a  generic  girder  system 
whose  origin  horizontally  coincides  with  the  intersection  of 
the  tangents  to  the  ideal  beam  trajectory  on  both  sides  of  the 
central  bend  magnet.  The  transformation  into  the  global  ALS 
system  is  done  inside  the  ‘monument  sheets,’  individually  for 
every  storage  ring  sector. 

V.  GIRDER  SHEET 

The  Girder  Sheet  is  the  first  of  the  two  spreadsheet  varie¬ 
ties  in  which  ideal  and  observed  magnet  fiducial  positions  are 
compared  and  then  adjusted  correction  values  are  computed.  As 
a  first  step,  the  ideal  magnet  fiducial  data  are  modified  to 
account  for  the  measured  offset  of  the  vacuum  chamber  center 
against  the  ideal  girder  system.  The  chambers  cannot  be 
moved  in  this  area  because  they  are  anchored  on  a  pinned 
stanchion.  After  calculating  the  ideal-to-observed  position 
differences  in  all  three  directions  of  this  modified  girder 
system,  the  longitudinal  difference  values  are  compensated  for 
thermal  expansion  of  the  girder  at  the  time  of  surveying. 
Observed  lateral  girder  deformations,  caused  by  their  inner 
support  structures,  ultimately  made  it  necessary  to  maintain 
the  entire  storage  ring  tunnel  at  the  design  temperature  (23.9 
±1°C)  during  surveys,  but  the  longitudinal  compensation 
algorithm  is  kept  in  the  girder  sheets  as  a  safeguard  against 
larger  actual  temperature  excursions. 

Two  kinds  of  consistency  checks  are  permanently 
included  in  the  Girder  Sheets,  a  comparison  of  the  distances 
between  all  fiducials  of  one  magnet  from  both,  optical  and 
mechanical  measurements,  and  a  comparison  of  all  distances 
between  the  four  observed  monuments  with  the  same  values 
derived  from  the  latest  dedicated  monument  survey.  These 
latter  (“ideal”)  monument  distances  are  included  as  constants  in 
the  ECDS  data  file  to  provide  absolute  scaling. 
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To  facilitate  an  easy  set-up  of  the  dial  indicators  the  de¬ 
rived  magnet  correction  values  are  transformed  from  the  com¬ 
mon  girder  coordinate  system  into  individual  magnet  systems. 
Because  of  the  redundancy  of  information  provided  by  12  coor¬ 
dinate  values  some  adjustments  are  made  before  the  correction 
values  are  finalized.  The  precision  of  the  original  installation, 
compared  to  magnet  dimensions,  allows  one  to  compute  the 
adjusted  corrections  sequentially,  rather  than  as  a  true  rigid- 
body  movement.  For  every  magnet,  the  average  shifts  along 
its  own  major  axes  are  calculated  first,  and  the  remaining 
correction  values  are  used  to  evaluate  average  yaw,  pitch,  and 
roll  angles  which  are  then  translated  back  into  fiducial  shifts 
along  the  magnet  axes,  to  be  superimposed  on  the  average 
shifts. 

VI.  MONUMENT  SHEET 

The  Monument  Sheet  computes  the  final  alignment 
values  for  all  magnets,  to  be  executed  by  moving  entire 
girders  only.  This  implies  that  all  magnet  correction  values 
are  averaged  to  yield  global  girder  corrections,  i.e.  average 
shifts  in  three  directions  and  three  angular  rotations.  These 
global  corrections,  however,  are  then  expressed  as  shift  values 
for  fiducials  on  the  two  focusing  quadruples  at  the  end  of 
every  girder  (horizontal  directions)  and  on  the  central  bend 
magnet  in  the  girder  center  (vertical  direction).  Monument 
Sheets  include  the  same  consistency  checks  as  Girder  Sheets, 
but  their  input  and  ideal  data  are  expressed  in  the  global  ALS 
coordinate  system.  One  given  set  of  observation  data  can  be 
easily  transformed  by  ECDS  into  both,  ALS  and  individual 
gilder  systems. 

After  the  initial  calculation  of  ideal-to-observed  fiducial 
position  differences  in  the  ALS  system,  these  values  are  trans¬ 
formed  into  the  corresponding  girder  system,  and  the  temp¬ 
erature  compensation  algorithm  is  applied.  At  this  point  there 
is  die  option  to  merge  individual  magnet  corrections,  resulting 
from  executing  the  values  obtained  from  the  Girder  Sheet,  into 
the  Monument  Sheet,  reducing  its  remaining  corrections  ac¬ 
cordingly.  The  average  shifts  for  all  magnts  are  calculated 
next,  and  from  the  remaining  correction  values  the  three  angu¬ 
lar  corrections  are  determined.  For  pitch  and  yaw,  only  mag¬ 
nets  at  the  ends  of  the  girders,  including  the  outer  bend  mag¬ 
nets,  are  taken  into  account,  and  for  roll,  only  those  fiducials 
are  taken  that  are  more  than  2S0  mm  away  from  the  girder 
mid-line.  The  evaluated  angles  are  then  used  for  a  second-order 
correction,  assuring  that  the  average  shift  for  all  fiducials 
resulting  from  the  angular  corrections  is  exactly  zero.  In  ad¬ 
dition,  the  differences  between  all  individual  corrections  and 
the  effects  of  the  computed  global  corrections  on  every  magnet 
fiducial  are  displayed  for  visual  inspection.  All  fiducial  cor¬ 
rections  resulting  from  the  global  girder  corrections  are  trans¬ 
formed  into  local  magnet  coordinate  systems,  but  the  reference 
fiducial  corrections  to  be  used  to  monitor  the  girder  alignment 
are  together  displayed  again,  for  the  alignment  technicians’ 
use. 

VII.  RESULTS 

Ideally,  3  surveys  and  2  alignments  are  the  minimum 
number,  but  due  to  girder  deformation  under  temperature  chan¬ 


ges  and  mechanical  load,  changes  of  the  scaling  reference, 
ground  motion,  and  bakeout  of  two  vacuum  chambers,  it  took 
7.7  surveys  on  the  average  to  reach  good  alignment  for  all 
magnets.  Two  girders  actually  needed  three  surveys  only,  each. 
The  final  lattice  magnet  alignment  exceeded  the  requirements 
by  far.  As  an  illustration,  two  sets  of  data  are  presented  in 
Tables  2  and  3.  They  represent  standard  deviations  of  the  re¬ 
maining  position  errors  for  all  lattice  magnets  in  absolute, 
Table  2,  and  after  subtracting  a  linear  fitting  line  separately  for 
every  girder  in  the  transverse  coordinates,  and  the  average  error 
in  the  longitudinal  coordinate.  Table  3.  Roll  errors  are  given 
as  absolute  standard  deviations,  Table  2,  and  as  averages  of 
absolute  errors  ,  Table  3. 


Table  2 

Final  Absolute  Alignment  Errors 


dw  [mm] 

du  [mm] 

dv  [mm] 

Roll  [mrad] 

QF 

0.17 

0.11 

0.20 

0.07 

QD 

0.15 

0.08 

0.20 

0.08 

QFA 

0.14 

0.08 

0.19 

0.08 

B 

0.14 

0.09 

0.19 

0.07 

Table  3 

Final  Local  Alignment  Errors 


dw  [mm] 

du  [mm] 

dv  [mm] 

Roll  [mrad] 

QF 

0.13 

0.03 

0.04 

-0.06 

QD 

0.10 

0.04 

0.02 

-0.05 

QFA 

0.05 

0.03 

0.02 

-0.07 

B 

0.08 

0.03 

0.02 

-0.04 
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Abstract 

A  mechanical  support  and  adjustment  system  was 
developed  for  the  precise  positioning  of  the  SSC  accelerator 
magnets.  This  "Ball/Roller"  system  was  designed  to  be 
stable,  truly  kinematic  and  capable  of  accommodating  a 
magnet's  thermal  expansion  or  contraction.  The  system's 
mechanisms  are  described  in  detail  and  its  argustment  range, 
resolution  and  performance  are  discussed.  Techniques  for 
interfacing  the  system  to  magnets  of  various  geometries  are 
presented.  A  motorized  version  of  the  Ball/Roller  system  was 
also  developed  for  applications  which  require  magnets  to  be 
manipulated  remotely.  The  design  and  performance  of  this 
motorized  system  are  presented. 

I.  INTRODUCTION 

All  particle  accelerators  require  that  their  lattice  elements 
be  located  accurately  in  space.  The  system  which  is  used  to 
support  and  position  lattice  elements  is  therefore  critical  to  an 
accelerator’s  performance.  An  adjustment  system  must  be 
capable  of  micron  level  movements  and  yet  also  be  rugged 
enough  to  survive  the  tunnel  environment  over  the  life  of  the 
machine. 

This  paper  describes  a  kinematic  adjustment  system 
designed  to  provide  stable  magnet  support  while  also  meeting 
all  key  performance  requirements  associated  with  alignment 
The  Ball/Roller  design  has  the  flexibility  to  accommodate 
either  conventional  or  superconducting  magnets  with  a  variety 
of  geometries  and  weights.  Several  drive  options  are  available 
depending  on  the  the  particular  alignment  application. 


H.  DESIGN  GOALS 

The  Ball/RoUer  system  was  designed  wife  the  SSC  main 
ring  magnets  in  mind;  it  therefore  needed  to  be  capable  of 
supporting  superconducting  dipoles  wife  a  mass  in  excess  of 
14,000  kg.  It  was  required  that  the  system  provide  true 
kinematic  support:  control  of  all  six  of  a  magnet's  degrees  of 
freedom  without  redundancy1.  The  support  also  had  to  allow 
for  thermal  expansion  of  a  magnet  without  buckling  or  tilting. 
The  range  of  motion  needed  to  be  at  least  +/-  25  mm  wife 
resolution  of  better  than  10  microns.  Finally,  the  geometry  of 
the  system  had  to  allow  for  predictable  adjustment  of  each 
degree  of  freedom  as  well  as  easy  access  to  its  actuator. 

m.  BASIC  SYSTEM  DESCIPTION 

The  Ball/Roller  is  a  three-point  support  and  adjustment 
system  patterned  after  the  jade  system  used  to  support  the  LEP 
dipoles  at  CERN^.  A  magnet  is  supported  by  three  identical 
mechanisms  each  of  which  is  adjustable  in  the  vertical  and  one 
lateral  direction  but  free  to  move  in  fee  other  lateral  direction. 
The  three  mechanisms  are  arranged  to  provide  a  triangular 
support  base  wife  fee  orientation  of  one  of  the  mechanism 
rotated  90  degrees  with  respect  to  the  other  two.  By  working 
the  mechanisms'  actuators  in  combination,  all  six  degrees  of 
freedom  can  be  controlled. 

Details  of  a  single  mechanism's  design  can  be  seen  in 
Figure  1.  A  central  block  slides  on  a  base  frame  and  is 
threaded  to  accept  a  large  diameter  cup  screw.  The  cup  screw 
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acts  as  a  jack  for  adjusting  an  object's  vertical  position.  The 
screw's  dimeter  is  a  function  of  the  load  being  supported,  a 
full  size  dipole  required  a  cup  screw  diameter  of  60  mm.  The 
horizontal  travel  of  the  block  is  controlled  by  lead  screw  fixed 
within  the  mechanism's  frame.  It  should  be  noted  that  this 
horizontal  lead  screw  bears  no  load;  the  weight  of  the  object 
which  is  being  supported  is  transferred  directly  from  the  block 
to  the  frame. 

A  hardened  stainless  steel  sphere  acts  as  the  interface 
between  the  mechanism  and  the  object  being  supported.  This 
sphere  is  captured  within  the  cup  screw  and  fits  into  a  groove 
in  the  bottom  of  the  object  (Figure  2).  This  groove  is 
oriented  at  90  degrees  relative  to  the  direction  of  die  adjacent 
horizontal  lead  screw.  The  steel  sphere  rolls  along  this  groove 
and  allows  an  object  to  translate  freely  in  this  direction.  The 
original  interface  plates  developed  for  SSC  magnets  used  a 
trapezoidal  shaped  groove.  However,  current  designs  use  a 
semi-circular  groove  for  a  more  even  stress  distribution^. 


Figure  2.  Single  and  Double  Groove  Interface  Plates 


All  mechanism  components  are  made  of  steel  and  are 
plated  to  prevent  corrosion  and  reduce  friction.  Selected 
components  are  hardened  as  required. 

This  system  is  not  purely  orthogonal,  there  is  cross¬ 
coupling  between  rotations  and  translations.  However,  the 
individual  mechanisms  are  orthogonal  thus  allowing  each 
degree  of  freedom  to  be  individually  and  predictably  adjusted. 


It  should  be  noted  that  the  preceding  discussion  assumes 
that  the  object  which  is  bring  supported  behaves  as  a  rigid 
body;  in  practice,  accelerator  magnets  often  have  a  good  deal  of 
flexibility.  In  the  case  of  long  conventional  magnets  it  is 
sometimes  possible  to  adjust  a  magnet's  roll  independently  at 
either  end  when  using  a  traditional  four  point  support  system. 
While  this  approach  may  allow  fabrication  twist  to  be  adjusted 
out  of  the  magnet  it  also  leads  to  a  statically  indeterminate 
system  and  is  generally  considered  undesirable.  It  is  not 
possible  to  introduce  twist  into  a  magnet  using  the  Ball/Roller 
system. 

IV.  PERFORMANCE  TESTS 

Several  versions  of  the  basic  Ball/Roller  adjustment 
system  have  been  built  and  tested  at  the  SSC  Laboratory. 
They  have  been  used  to  support  mam  ring  quadripole  magnets 
as  well  40  mm  aperture  and  50  mm  aperture  versions  of  the 
dipole  magnet  Results  of  these  tests  indicate  that  in  general, 
the  Ball/Roller  system's  performance  exceeds  design  goals. 

The  geometry  of  the  prototype  system  was  chosen  to 
provide  a  range  of  motion  of  +/-  30  mm  in  all  directions. 
This  value  could  certainly  have  been  increased  but  was  kept 
iow  in  order  that  the  individual  mechanisms  could  be  made  as 
compact  as  possible.  Motion  in  all  directions  was  smooth  and 
free  of "stiction"  over  the  entire  range.  The  play  and  run-out 
of  the  individual  mechanisms  was  negligible. 

The  Acme  threads  used  on  both  the  horizontal  lead  screws 
and  the  cup  screws  had  a  pitch  of  six  threads  per  inch.  Even 
with  this  relatively  coarse  pitch  incremental  movements  as 
small  as  5  microns  were  possible  after  some  practice.  Since 
the  motion  of  the  magnets  was  measured  directly  the 
Ball/Roller’s  minimal  backlash  did  not  present  a  problem. 

The  ball-in-groove  interface  between  the  system  and  the 
magnet  proved  to  be  self  centering:  magnets  could  be  mounted 
or  removed  very  quickly  with  little  or  no  pre-alignment 
required.  The  system  was  stable  over  time  with  no  locking 
screws  or  rings  necessary.  Lateral  and  axial  "up-set"  loads 
consistent  with  impact  or  quench  were  easily  withstood. 
However,  because  the  Ball/Roll  system  provides  simple 
support  some  sort  of  earthquake  restraint  would  be  required  in 
a  seismic  environment 

Inputs  to  the  system's  actuator  were  made  using  a  standard 
socket  wrench  for  the  horizontal  lead  screws  and  with  a 
modified  spanner  wrench  in  the  case  of  the  cup  screws.  This 
technique  was  satisfactory  but  not  optimal.  The  torque 
required  to  raise  and  lower  the  heaviest  magnets  tested  was  450 
N-m.  This  high  torque  necessitated  a  rather  long  "cheater"  bar 
on  the  spanner  which  would  become  awkward  in  confined 
spaces.  Alternative  approaches  are  currently  being  explored. 

V.  MOTORIZED  ACTUATORS 

An  automated  version  of  the  basic  Ball/Roller  system  has 
been  developed  for  use  in  those  applications  which  might 
require  continuous  adjustment  of  an  object's  position  or 
adjustment  of  its  position  in  a  remote  location.  An  example 
of  this  type  of  application  would  be  the  support  of  the  final 
focus  quadruples  in  the  SSC  interaction  regions.  The  design 
of  this  system  uses  Sumitomo  AC  Gearmotors  to  drive  the 
lead  and  cup  screws  (Figure  3).  The  lead  screw  itself  has  been 
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Figure  3.  Automated  BaU/RoDer 


off-set  in  the  central  block  to  allow  for  an  in-line  connection 
of  the  cup  screw  to  to  its  motor  via  a  spline  shaft 

Became  sliding  surfaces  were  unacceptable  in  a  system 
subjected  to  continuous  adjustment  they  have  been  eliminated 
from  the  motorized  Ball/Roller.  In  this  verskm  the  central 
block  is  support  by  four  THK  linear  motion  guides  mounted 
on  a  pair  of  low  profile  rails.  This  arrangement  not  only 
eliminates  sliding  friction  but  also  resists  the  twist  which  is 
imparted  to  the  block  by  the  off-set  lead  screw.  The  Acme 
threaded  lead  and  cup  screws  have  been  replaced  by  ball  screws 
of  the  appropriate  sizes  which  interface  to  the  central  block  via 
ball  nuts.  These  ball  screw/nut  combinations  significantly 
reduce  the  torque  required  to  move  an  object,  especially  in  the 
case  of  the  large  diameter  cup  screw;  this  in  turn  reduces  the 
size  of  the  AC  motors  required. 

Results  of  initial  tests  on  the  motorized  Ball/Roller 
system  indicate  dial  its  range,  resolution  and  load  capacity 
exceed  those  of  die  basic  system. 

VL  POSITIONING  AN  OBJECT 

For  both  die  basic  and  the  motorized  system  the  general 
strategy  for  positioning  an  object  is  the  same.  For  any 
configuration  of  the  support  system  there  exists  one  and  only 
one  corresponding  object  location  in  space.  In  the  case  of 
aligning  a  magnet  the  magnet's  external  fiducial  targets  are 


used  to  define  its  initial  location.  The  geometry  of  the  magnet 
and  its  interface  grooves  will  uniquely  determine  the 
coordinates  of  the  three  support  spheres.  For  any  arbitrary 
new  location  in  space  (as  defined  by  a  new  set  of  coordinates 
for  the  external  fidodals)  a  corresponding  set  of  new  support 
sphere  locations  can  be  computed.  The  geometry  of  a 
BaB/RoBcr  mechanism  can  then  be  used  to  compare  the  lead 
screw  rotations  required  to  move  the  magnet  to  this  new 
location.  This  procedure  is  independent  of  the  system's  initial 
configuration. 

A  variation  of  this  technique  allows  for  the  very  accurate 
pre-alignment  of  magnets.  If  die  ideal  coordinates  of  die 
magnets  external  fidudals  are  known  they  can  be  used  to 
compute  the  ideal  coordinates  of  the  support  spheres.  Prior  u 
the  magnet's  installation,  the  support  sphere  are  replaced  with 
target  spheres  of  the  same  diameter  which  are  equipped  with 
either  optical  or  laser  targets.  The  configuration  of  the  system 
can  then  be  rapidly  adjusted  such  that  these  targets  are  moved 
to  the  ideal  coordinates.  With  the  support  spheres  bock  in 
place  the  magnet  is  set  automatically  into  its  proper 

Of  coarse,  there  are  other  valid  strategies  for  adjusting  an 
objects  position;  pure  translations  and  rotations  could  be  made 
in  sequence  if  desired.  This  approach  would  be  particularly 
well  suited  for  an  automated  system  using  synchronized 
motors. 

vn.  CONCLUSION 

It  has  been  shown  that  the  BaU/RoDer  adjustment  system 
is  capable  of  meeting  its  performance  goals.  The  design 
continues  to  be  refined  with  and  eye  on  improving  access  to 
and  reducing  the  torque  requirements  of  the  manual  actuators. 
By  off-setting  the  horizontal  lead  screw  in  the  basic  system  the 
cup  screw  becomes  accessible  from  below.  This  in  turn  would 
allow  a  standard  socket  drive  to  be  used  rather  than  the 
spanner.  Incorporatbig  ball  screws  feito  the  basic  system  could 
significantly  reduce  the  torque  required  to  make  vertical 
adjustments.  An  evaluation  of  these  modifications  is  currently 
underway. 

The  control  system  of  die  motorized  Ball/Roller  will  be 
modified  in  order  to  explore  "dosed-loop"  position  adjustment 
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Abstract 

Colloid  dispecskns  of  magnetite  were  uaed  at  SLAC  and 
KEK  to  locate  multipole  magnet  centers.  We  study  here 
potable  adaption  of  this  method,  to  align  RHIC  magnets.  A 
procedure  far  locating  magnetic  cental  with  reepect  to 
external  fiducial  markers,  using  electronic  coordinate  determi¬ 
nation  and  digital  TV  image  processing  it  described. 

I.  INTRODUCTION 

Direct  measurement  of  magnetic  centers  of  certain  RHIC 
superconducting  quadruples  and  sextupoles  is  of  interest. 
Mechanical  fiducial  referencing  of  coils  to  external  magnet 
fiducial  markers  is  difficult,  and  may  not  be  possible  after 
magnet  cryostats  are  sealed.  One  wishes,  for  example,  to 
check  co-alignment  of  the  tow-beta  quadruples  of  die 
insertion  legion  quadruple  triplet,  or  co-alignment  of  beam 
PUE's  with  sextupole  and  quadruple  magnets  in  the  arc  QSC 
assembliea,  in  particular.  If  one  can  make  such  measurements 
optically,  at  tow  magnetic  fields  and  room  temperature, 
installation  and  alignment  of  these  assemblies  is  significantly 
simplified. 

Here  we  examine  possibilities  for  extending  magneto- 
optical  alignment  methods  developed  by  Cobb  and  Muray  [1], 
based  on  work  of  Johnson  [2],  and  developed  by  Sugaham, 
Kubo  and  Oosawa  [3],  to  alignment  of  RHIC  multipole 
assemblies.  These  methods  use  a  cylindrical  optical  cell 
containing  colloidal  magnetite  between  crossed  polaroid  filters, 
illuminated  by  a  collimated  light  beam,  to  generate  a  target 
pattern.  The  pattern  is  produced  by  field-induced  optical 
anisotropy,  canned  by  alignment  of  magnetite  particles  along 
foe  local  magnetic  field.  An  alignment  telescope  typically 
views  foe  target  pattern,  which  is  symmetric  about  foe 
magnetic  axis  of  foe  magnet. 

We  examine  foe  possibility  of  using  TV  digital  image 
processing,  together  with  electronic  coordinate  measurement, 
to  extend  foe  method  to  foe  problems  mentioned  above. 

H.  DESCRIPTION  OF  THE  ALIGNMENT 
PROCEDURE 

Multipole  magnet  centers  are  determined  as  follows.  An 
optical  fluid  cell  is  placed  in  foe  magnet  bore.  The  cell  has 
accurately  flat  and  parallel  windows  at  each  end,  and  is 
oriented  approximately  parallel  to  foe  magnet  axis.  A  fiber 
optic  fltumfoator,  with  2  to  5  mm  dia.  aperture  at  foe  end  of 
*Wort  performed  under  foe  trainees  of  the  U.S.  Dept,  of 
Energy. 
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foe  fiber  cable  ia  placed  at  the  focal  point  of  a  IS  cm  focal 
length,  f#4,  achromatic  lens  to  generate  foe  collimated  light 
beam.  Polarizing  filters  are  set  before  and  after  the  cell. 
Variable  iris  stops  placed  along  foe  beam  path  assist  in  optical 
alignment.  The  cell  is  observed  with  a  Farrand  type  3S60 
alignment  telescope,  equipped  with  horizontal  and  vertical  tilt 
{date  optical  micrometers,  which  displace  foe  image  by  a 
calibrated  amount,  up  to  ±  0. 12",  with  precision  of  0.2  milli- 
inch. 

The  measurement  method  is  shown  in  Fig.  1.  The 
telescope  is  mounted  to  sight  the  magnet  bore.  A  line  of  sight 
is  first  established  on  a  bo  resight  dose  to  the  magnet's 
geometric  axis;  precise  boresight  on  axis  is  not  needed. 
Boresight  is  established  with  telescope  micrometer  tilt  plates 
set  for  null  image  displacement  reading.  This  boresight  is 
referenced  spatially  to  external  reference  fiducials,  by  setting 
two  Taylor-Hobson  balls,  each  containing  a  microscopically- 
centered  surveyor's  target,  along  the  boresight.  The  balls  sit 
on  kinematic-locating  spherical  seats,  on  2-axis  transverse 
motion  translators.  The  balls  can  be  removed  to  clear  the  line 
of  sight  and  then  replaced,  or  rotated  in  position,  to  allow 
viewing  by  theodolites,  without  shift  of  position  of  survey 
target  centers. 

The  cell  is  mounted  on  a  rail  support  in  the  magnet  bore, 
and  aligned,  by  back  reflection,  with  windows  normal  to  the 
beam.  Prior  to  inserting  the  cell  in  foe  bore,  foe  polarizers  are 
crowed,  to  give  sharp  extinction  of  foe  light  beam.  When  the 
magnet  is  energized,  a  characteristic  cross  or  spoke  shadow 
pattern  is  seen,  centrally-symmetric  about  foe  magnetic  axis. 
Vertical  and  horizontal  components  of  foe  axis'  displacement 
from  foe  previously  established  boresight  are  measured 
directly,  by  displacing  the  viewed  pattern  (by  tilt  of  the 
micrometer  platen)  until  foe  totoecope  retide  center  (previously 
set  on  boresight)  coincides  with  foe  pattern's  center,  and 
reading  the  micrometers.  One  can  rotate  and  recross  foe 
polarizers  to  generate  a  rotated  shadow  pattern  with  foe  same 
center  point,  to  get  an  independent  remeasurement  of  the  axis. 
This  provides  a  check,  to  verify  the  measurement  of  transverse 
displacement  of  foe  magnetic  axis  from  boresight. 

As  an  aid  to  focus  the  telescope  on  foe  cell,  we  found  it 
helpful  to  leave  an  air  bubble  in  foe  cell.  A  bright  spot  is  seen 
in  foe  bubble.  One  focuses  on  foe  spot.  Tests  involving 
repeated  measurement  of  location  of  the  shadow  pattern  center, 
after  defocusing  and  refocusing  the  telescope,  have  demon¬ 
strated  that  parallax  is  not  a  problem. 
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At  RHIC  we  use  a  LEICA  (Heerbrugg,  Switz.)  ManCAT 
coordinate  measuring  system,  together  with  type  T-3000 
electronic  digital-readout  theodolites,  to  acquire,  log,  and 
analyze  survey  data.  Typical  accuracy  of  transfer  of  target 
position  coordinates  to  external  fiducial*  is  1  to  3  milli-inch. 
This  system  can  be  used  to  transfer  boresight  coordinates  from 
Taylor-Hobeoo  ball  targets  to  an  external  reference  coordinate 
frame.  In  this  system,  two  or  more  theodolites  equipped  with 
digital  angle  readout  in  turn  simultaneously  view:  one  another, 
a  calibrated  length  reference  bar,  a  set  of  known  survey 
reference  fiducial  targets  and,  finally,  survey  points  whose 
coordinates  are  to  be  determined.  Theodolite  directional  data 
is  entered  directly  into  a  computer,  for  coordinate  determina¬ 
tion  in  a  coordinate  frame  of  choice. 


viewing  the  cell  in  collimated  light,  while  crossed  Rone  hi 
grills  were  placed  in  front  of  the  cell  window,  through  the 
telescope.  Refraction  gradients  appeared  as  curve  distortions 
of  the  grill  pattern. 

Relaxation  time  for  the  colloid  particles  to  align  to  a 
magnet  field  was  about  one  second.  This  was  seen  by  setting 
the  cell  onto  a  V -block,  in  collimated  light,  between  crossed 
polarizers.  A  permanent  magnet  was  held  near  the  cell  so  that 
a  field  of  SO  to  100  Oersted  passed  transversely  through  the 
cell,  generating  a  bar  shadow  pattern.  The  cell  was  rotated 
manually  about  its  axis.  The  shadow  pattern  initially  co¬ 
rotated  with  fee  cell,  but  returned  to  its  initial  orientation 
within  two  seconds. 


Rgure  1.  FLS  -  Fiber  Optic  Light  Source,  ACH-Achromatic  Collimator  Lens;  TB  -  Survey  Target  Ball,  KLS-Kincmatic  Ball- 
Locating-Surfoce;  M  -  Magnet,  CC-CoUoid  Cell,  PI  P2  -  Polarizer  Plates;  FST  -  Field  Stops,  AT-Alignment  Telescope,  OM¬ 


UL  PREPARATION  OF  THE  COLLOID  CELL 
The  fluid  is  a  suspension  in  glycerol,  of  magnetite 
particles,  coated  wife  polydextrose  (Pfizer  Specialty  Chem¬ 
icals,  Clifton,  NJ),  to  prevent  aggregation.  The  suspension 
was  prepared  by  E.  Norton,  of  fee  BNL  Chemistry  Depart¬ 
ment,  using  the  protocol  in  [3]. 

Our  fluid  differed  from  feat  reported  in  [3]  by  fee  fact 
feat  the  particles  could  pass  through  a  0.5  micron  Millipore 
filter;  this  did  not  affect  optical  properties  of  fee  fluid  adverse¬ 
ly,  and  in  feet  may  have  decreased  any  tendency  for  particle 
separation  in  fee  strong  field  gradient  of  our  magnet. 

The  fluid  was  checked  to  eliminate  inhomogeneity  due  to 
coexisting  unmixed  aqueous  and  glycerol  phases,  so  that  it  was 
of  uniform  refractivity,  free  of  striae.  This  was  done  by 


The  cell  was  tested  for  separation  out  of  particles  in  a 
strong  gradient  field.  The  cell  sat  in  a  permanent  magnet 
quadruple's  field  gradient  of  6.6  kOe/cm  for  3  hours.  No 
separation  to  fee  walls  or  any  change  of  fee  optical  shadow 
pattern  was  seen. 

Sensitivity  of  fee  cell  to  low  fields  was  tested  by  placing 
a  1.5"  long  cell  inside  of  a  loosely  wound  solenoid  coil,  wife 
fee  cell's  axis  perpendicular  to  fee  solenoid  axis.  The  cell  was 
observed  in  collimated  light,  between  crossed  polaroids.  Wife 
no  solenoid  current,  fee  optical  field  was  uniformly  dark.  At 
a  current  sufficient  to  produce  20  Oersted  throughout  the  cell, 
fee  optical  field  brightened  significantly.  (Light  transmission 
through  a  cell  depends  of  course  on  fee  particular  fluid,  and 
cell  length,  as  well  as  on  magnetic  field  intensity.  Quantitative 
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studies  to  optimise  ceils  have  not  yet  been  made,  but  are  of 
future  interest.) 

IV.  TEST  MEASUREMENTS 

Measurements  were  made  first  on  a  permanent  magnet 
quadnipoie  of  type  designed  by  Halbach  [4],  using  a  test  setup 
tad  1.5*  long  cell  shown  in  Fig.  2.  Development  work  was 
done  with  this  simple  test  set.  During  development,  an 
opportunity  appeared  to  test  die  colloid  method  on  a  cold  SSC 
4  cm  quadnipoie,  at  BNL.  A  M'  long  cell  using  our  fluid 
was  built  by  R.  Viola  (SSC,  Dallas).  This  cell  was  built  with 
integrally  cemented  crossed  polaroids,  attached  collimating 
lens,  and  illuminating  bulb,  and  was  placed  in  a  warm  finger 
in  the  bore  of  a  cold  SSC  4  cm  quadnipoie  magnet. 

The  cell  was  viewed  with  a  jig  transit,  at  10  meters 
distance  (the  alignment  telescope  was  unavailable).  The 
magnetic  center  was  visually  located  to  0.002*  in  each 
coordinate.  [We  note  that  the  cell,  collimation,  and  telescope 
had  not  been  optimized  for  this  test;  prior  observation  of  die 
and  1.5*  cells,  in  the  permanent  magnet  quadnipoie 
showed,  in  fact,  that  the  shadow  pattern  for  the  1.5:  cell  was 
appreciably  sharper  than  for  the  M*  cell  used  in  this  test.] 

A  weak  trim  sextupole  magnet  was  also  observed,  under 
conditions  of  5  cm  pole  radius,  72  tums/pole,  24  ampere 
current.  The  bore  field  profile  is  comparable  to  that  available 
for  warm  RHIC  sextupoles.  A  2.5”  long  colloid  cell  was 
used.  A  clear  shadow  pattern  was  visually  observed,  but  was 
too  wide  for  direct  optical  micrometer  measurements. 

V.  USE  OF  PHOTOGRAPHY  AND  VIDEO 
DIGITAL  IMAGE  PROCESSING 

The  resolution  claimed  for  colloid  localization  of  magnet 
axes  is  about  20  micro-meter  [1,3].  But  published  photo¬ 
graphs  [1,3]  show  shadow  patterns  with  apparently  fin  worse 
resolution.  Our  optical  micrometer  measurements  are  consis¬ 
tent  with  the  claimed  resolution.  To  investigate  this  apparent 
paradox,  we  photographed  shadow  patterns,  with  a  range  of 
exposure  times.  Photos  of  a  1.5”  long  quadnipoie  cell  were 
taken,  both  directly  behind  foe  polaroid  analyzer  and  at  3m 
distance,  through  foe  alignment  telescope.  [Figure  3]. 


Intrinsic  resolution  of  the  measurement  is  in  fact  good,  when 
bright  illumination  is  employed.  This  result  encouraged  us  to 
examine  the  possibility  of  using  digital  television  image 
processing  to  extract  the  axis'  location  from  a  digitized  TV 
image  of  the  shadow  pattern.  This  could  be  of  particular  value 
in  attempting  to  perform  warm  magnet  co-alignment  of  beam 
pickup  electrodes  with  foe  RHIC  arc  sextupoles.  Sextupole 
patterns  are  wider  than  quadnipoie  patterns,  because  of 
quadratic  dependence  of  magnetic  field  intensity  with  radius; 
digital  image  processing  then  becomes  advantageous.  Also, 
when  viewing  sextupole  patterns,  foe  visually  dark  core  of  the 
pattern  may  exceed  the  scan  range  of  foe  optical  micrometer. 
This  is  not  a  problem  if  video  digital  image  processing  is  used. 
Preliminary  tests  with  TV  imaging  are  encouraging;  work  is 
still  in  progress.  A  camera  is  easily  aligned  behind  foe 
telescope.  After  foe  telescope  reticle  and  colloid  cell  are 
visually  focused  cm  the  reticle  plane,  a  real  image  of  cell  and 
cross  hair  is  formed  beyond  the  eyepiece  lens  of  the  telescope. 
The  image  can  be  viewed  with  a  target  card  placed  after  foe 
telescope  eye  lens.  The  camera  can  be  centered  on  this  image. 
When  using  video,  it  is  important  that  no  automatic  gain 
control,  or  other  image  servo,  be  employed,  so  that  the  fine 
dark  shadow  pattern  will  not  be  washed  out  by  averaging  with 
adjacent  brightly  illuminated  pixels. 

VI.  DISCUSSION 

The  fact  that  our  colloid  cells  switch  from  light  to  dark 
at  fields  of  tens  of  Oersteds,  and  that  intrinsic  resolution  is 
good,  as  indicated  by  photographic  exposure  series,  suggests 
that  warm  alignment  of  RHIC  insertion  quadruples,  and  beam 
PUE's  with  arc  section  QSC  assemblies  is  practical.  Studies 
to  optimize  optical  design  are  in  progress. 
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Figure  3.  Permanent  magnet  quadnipoie  shadow  pattern,  viewed  directly, 
a.  Exposure  14  sec.  b.  Exposure  3  sec.  c.  Exposure  6  sec. 


Photographic  resolution  improves  greatly  when  long 
exposure  is  used.  This  is  due  to  foe  enormous  dynamic  range 
of  illumination  in  foe  viewed  pattern;  foe  crossed  polaroids 
have  extinction  ratio  exceeding  10,000.  The  brightly  illumi¬ 
nated  area  of  foe  field  saturates  foe  film,  while  foe  shadow 
interior  remains  underexposed  unless  long  exposure  is  used. 
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RHIC  SURVEY  AND  ALIGNMENT* 
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Ike  Relativistic  Heavy  fan  Collider  consists  of  two  mtorboed  plane 
nnp,  *  pv  o*  nBa^nunc  oeeui  lycnni  arcs,  s  gammy 
curved  beau  If  ufa  line  from  toe  AltenHtingGtadiem  Synchrotron, 
and  a  oollectkn  of  precisely  poationed  and  aligned  magnets,  on 
'Opproprreta^f  poatooned  support  stands,  threaded  on  those  arcs. 

wilt  gpmuicy  a  <wmi  oy  soc  own  cossmg  poms  exaeny 
in  a  planes,  lying  prockriy  at  tbs  vertices  of  a  regular  hexagon  of 
specmea  see  posmon  ana  onereanon  ot  nus  Hexagon  are  aetineo 
gaodetkaOy. 

Surrey  control  and  alignment  procedures,  currently  in  use  to 
contract  RHIC,  are  described. 

1.  OVERVIEW GP1HERING  SURVEY  PROCEDURE 
The  RHIC  surrey  is  perforated  in  local  BNL  entwtim** 
directed  (fa  historical  reasons)  along  the  BNL  road  network,  at 
known  orientation  to  toe  machine  lattice  and  tosgeodetic  (Ung 
Isiaad)  NY  State  Plane  CbonfiOate  System  [Fig.  1].  The  geometry  of 
the  RHIC  ring  and  AGS-RHIC  transport  line  are  described  in 
[6,7,10}. 

lb  generate  RHIC  geometry,  we  use  a  network  of  control 

mnwfpert*  irAn  Ihe  tnwnri  flnrr  P»c4i  mrimnnw*  k 

a  hoBowstahte  steel  cylinder,  of  CERN  type  [Fig.  3],  placed  into 
toe  floor  with  its  axis  locally  vertical.  Die  monument  sodoete  can 
receive  and  precisely  locale  either  a  cylindrical  bushing  ttoklqg  a 
centered  strwyof s  target  or  a  3  J"dtameter  steel  ball  cortainrng  a 
nucroacopicaity  caiBW  target,  me  call  corauicts  to  a  noer  opoc 
jack,  to  sujijfa  bright  diflbse  target  iDummatioa  Ihe  ball  can  be 
roiarea,  on  me  menunent  nustimg,  to  view  ns  target  mom  eaner  a 
horizontal  or  vertical  direction,  without  change  of  position  of  its 
yik|£6fs  cross  hair  ujiei  uttlmi  pouM.  The  ball  target  can  toen  be 
viewed  from  above,  for  example,  from  an  exterior  survey  tower  or 
from  toe  side  inside  toe  tunnel. 

External  control  is  eatabtishedby:  twelve  survey  structures  spaced 
around  toe  RHIC  ring,  with  pipe  penetrations  into  toe  tunnel; 
towers  and  penetrations  along  toe  injection  arcs;  and  a  tall  central 
tower,  having  dear  sight  tines  to  toe  other  towers.  Control  from  toe 
end  of  toe  injection  bend  arcs,  into  toe  AGS  machine,  is  established 
internally,  by  «|vey  along  toe  beam  transport  line  into  AGS. 

Survey  structsres  range  from  simple  4  ft  platforms,  to  12  foot 
wooden  double  signal  platforms,  to  National  Geodetic  Survey  steel 
Bilby  towers  of  up  to  70  foot  height 

Die  survey  structures  contain  survey  instrument  support  platforms; 
an  aluminum  plate  bolted  onto  each  platform  serves  as  a  support 
dock  of  two  horizontal  motion  translation  stages.  Die  upper  stage 
holds  a  tribrach,  to  locate  either  a  ME-5000  Mekometer  EDM,  prism 
retro-reflector,  or  optical  plummet  An  opening  in  each  stage  allows 
downward  viewing,  through  the  plummet's  tribrach  sqppcrt  and  berm 
penetration  pipe,  to  toe  ball  target  in  the  tunnel.  The  aperture 

•fork  performed  under  the  auspices  of  the  U.S.  Dept,  of  Energy 


avaOabte  through  toe  trfaacfa  limits  the  optical  resolution  in  settop 
toe  survey  nsnumeot  dbeedy  above  toe  tumel  survey  target  at  toe 
trend  prarauy  control  monument.  Vertical  drops  to  tunnel  targets 
ate  measured  by  use  of  atari  tape,  with  correction  fa-  temperature 
and  tape  weight  Srevey  work  was  done  after  sundown,  when 
stable  atmospheric  coocfitions  were  available.  At  each  tower  station 
flpef  frwmi  monument,  temperature  was  measured  to  0.1  deg.  C, 
barometric  pressure  to  0.1  mflfibar,  and  relative  hrenkfity  to  2%,  to 
allow  fa  correction  of  refautive  index. 

The  external  survey  was  a  terrain  trilatetaticn  of  toe  twelve 
tovon  above  the  trend,  and  the  central  tower  near  machine  center. 
Tfaprepore  of  the  survey  was  to  gfiodeticaily  locate  twelve  primary 
control  monument!  in  toe  trend,  below  the  vertical  earth  berm 
paartmifart,  to  generate  a  primary  control  monument  net  inside  the 
trend.  Distances  were  measured  to  first  and  second  nearest 
neighbor  towers,  and  toond-from  the  central  tower,  using  the  ME- 
5000  Mekometer.  One  exception  was  a  linMjf-«gbt  blocked  by  the 
RHIC  office  bidding.  Horizontal  distances  between  nearest 
neighbor  towers,  and  between  toe  ring  towers  and  central  tower, 
were  each  apptadrnttdy  610  meter.  Adpsted  standard  enor  of  toe 
distance  deter  minations  was  one  and  and  a  half  mtDfanetera,  with 
trarcacubr  etna  ellipses,  as  expected  from  the  nearly  symmetric 
survey  geometry. 

A  previous  survey  of  seven  of  toe  primary  monuments  and 
central  tower,  was  performed  by  the  National  Geodetic  Survey,  in 
1982,  as  part  of  toe  CBA  program  at  BNL  Argusied  positions 
of  toe  eight  monuments  common  to  toe  two  surveys,  separated  by 
ten  years  in  time;  were  compared  by  means  of  a  Helmed 
Darnfanstion,  using  GEONET  survey  codes  [1,2].  The  rms 
displacement  of  corresponding  stations  from  one  another  was  one 
and  a  half  millimeters.  This  suggests  that  earth  shifts  were 
insignificant,  during  this  time. 

2.  TUNNEL  NOWIVBjyTATION  AND  SURVEY. 

To  locate  position  within  the  tumel,  and  to  control  placement  of 
magnets  and  support  stands,  a  secondary  monument  control  network 
has  been  established  in  toe  tunnel,  connected  to  the  twelve  primary 
monuments  located  during  toe  primary  external  control  survey. 

Die  control  net  configuration  is  a  chain  of  braced  quadi  laterals. 
Trilateration  and  triangulation  measurements  are  both  used  in  toe 
control  survey.  Monuments  are  installed,  typically,  opposite  centers 
of  ring  quBdrupote  and  dipok  magnets  in  the  arc  sections,  and  more 
densely  in  toe  insertion  sections. 

Distances  along  the  tunnel  are  measured  with  the  Kern  (LEICA) 
Mekometer-5000  [4, 5].  Directions  along  intamonument  lines  are 
measured  with  toe  Wild  (LEICA)  T-3000  theodolite.  Each  of  these 
instruments  is  provided  with  digital  electronic  readout  aid  an 
option  fa  either  manual  or  electronic  control.  Die  distance  mode 
gap  bands,  in  toe  Mdoomete's,  response  were  calculated  in  advance, 
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to  insure  that  forbidden  distances  were  not  to  be  measured  among 
the  shorter  survey  distances. 

A  ZEOS  laptop  computer,  loaded  with  GEONET[l,2]  control  and 
data  uplink  software,  is  used  for  data  acquisition,  in  a  format  suitable 
for  data  basing  and  reduction  by  GEONET.  Data  processing  is 
carried  oit  after  data  file  transfer  to  a  486  PC  or  other  work  station; 
a  local  area  link  allows  data  transfer  to  the  BNL  VAX  Cluster 
mainframe  computers,  to  provide  additional  data  storage  and 
processing  capability.  When  used  for  control  survey,  the  Mekometer 
and  theodolites  ate  mounted  on  special  tripod  stands,  bolted  to  the 
tumid  floor,  at  die  monuments  to  be  surveyed,  on  2-axis  horizontal 
cross  feeds.  A  Kem  instrument  mount  allows  each  survey  instrument 
to  be  levelled  and  force-centered  so  that  the  instrument  axis  coincides 
with  the  mount  axis.  In  this  way  a  Mekometer,  theodolite  or  optical 
plummet  can  be  mounted  at  the  same  horizontal  position  above  a 
monument  The  instruments  can  be  located  above  the  target  ball  at 
the  monument  to  a  horizontal  rms  radius  of  two  milli-inches. 

Magnet  stands  are  installed  using  the  following  procedue.  A 
template  was  fabricated  with  a  circular  hole  pattern  which  is  the 
horizontal  floor  projection  of  the  boh  pattern  of  the  magnet  sipport 
stand,  together  with  the  plan  projection  of  two  magnet  cryostat 
fiducial  target  balls,  which  will  lie  adjacent  to  that  stand  when  die 
magnet  is  installed.  The  template  is  surveyed  into  place  by  surveying 
the  fiducials'  floor  projection  citde  centers  to  their  proper  horizontal 
locations.  The  stand  bolt  locations  are  then  stencilled  onto  foe  tunnel 
floor  from  the  template.  To  help  in  initially  locating  foe  magnet  on 
its  stand,  the  centen  of  the  adjacent  magnet  fiducial  ball  projections 
are  also  located  with  fine  cross  marks  on  the  floor.  To  do  die  latter 
operation,  one  uses  an  optically-centering  transfer  punch  device 
(Scribe-Rite,  Tool  Components,  Inc.,  Gardena  CA)  to  transfer  die 
prism  target  axis  to  die  punch  axis  and  floor  point 

From  the  magpet-desigp-specified  locations  called  out  for  the 
cryostat  fiducial  balls  on  die  magnet  and  the  magnet  lattice 
coordinates,  a  data  base  set  ofhorizotal  survey  coordinates  for  the 
cryostat  fiducials  is  computed.  View  directions  for  theodolite  sighting 
of  the  floor  projections  of  the  cryostat  tutorials  are  computed  Also 
die  slant  distances  are  computed^  of  a  Distomat  EDM  mounted  on  die 
theodolite,  to  small  retro-reflector  prisms  mounted  on  the  template 
above  the  fiducial  ball  projections.  The  computed  distances  and 
directions  are  a  data  base  to  allow  die  template  to  be  surveyed  into 
place,  from  die  control  monument  net 

Survey  data  acquisition,  reduction  and  adjustment  is  done  using 
GEONET  survey  codes  [1,2].  After  inital  data  reduction,  an 
independent  adjustment  is  done  using  STAR5NET  survey  codes{3]. 
The  latter  codes  are  convenient  for  blunder  detection  and  survey 
graphical  presentations,  and  are  a  useful  complement  to  GEONET. 
Model  control  surveys  are  sinmilated  using  die  ERRORP  codes  of 
GECNET  when  control  survey  procedures  are  to  be  examined 


1.  H.  Friedsam,  R  Pusher,  R  Ruland,  A  Realization  Of  An 
Automated  Data  Flow  For  Data  Collecting,  Processing  Storing  And 
Retrieving  -  GEONET.  Stanford  Unear  Accelerator  Center  SLAC- 
PUB-4142,  Nov.  1986. 

2.  H.  Friedsam,  Notes  (unpublished).  Survey  And  Alignment 
Workshop  On  Data  Processing  using  Geonet  For  Accelerator  Align- 

CA.  94610. 


ftaagjons-distenaancsscr.'  Allgemeine  Vermessungs-Nachr.  (AIN), 
Vd.  93,  pp  182-190  (1986) 


3.  MAGNET  FIDUCIALIZATION  AND  ALIGNhBNT 

RH1C  dipoles  and  quadripoles  are  provided  with  two  sets  of 
fiducial  markers:  cold  mass  fiducials  and  cryostat  fiducials.  The 
cold  mass  fiducials  are  balls  which  seat  in  fixed  position  relative 
to  survey  notches  cut  into  the  magnet  cold  mass  steel  plate.  These 
fiducials  are  wdl  defined  relative  to  the  bore  circle  of  the  rragpet 
steel.  Cryostat  fiducials  are  split  balls  on  shafts  which  seat  onto 
bushing  sleeves  on  the  magnet  cryostat  body.  Qyostat  fiducial  balls 
are  externally  accessible  at  each  end  of  the  magnet  Cold  mass 
fiducials  are  accessible  to  survey  only  before  the  magnet  is  fully 
assembled  Cold  mass  and  cryostat  fiducials  are  surveyed  relative 
to  one  another  before  final  assembly  of  the  magnet  The  ManCAT 
electronic  coordinate  measuring  system  (LEICA  Gmfah,  Heerbrugg, 
Switz.)  will  be  used  to  survey  cold  mass  fiducials  relative  to  cryostat 
fiducials.  Magnetic  measurements  of  field  center,  and  field  roll 
orientation  relative  to  cold  mass  fiducials  will  be  made  before 
magnet  assembly.  Alignment  of  magnets  in  the  RHIC  tunnel  will  be 
made  relative  to  the  suvey  of  the  cryostat  fkbcials  relative  to  cold 
mass  fiducials,  which  in  turn  relate  to  the  magnetic  center  and  roll 
of  the  magpet  The  process  of  aligning  magnets  in  foe  tunnel 
consists  of  setting  cryo  fiducial  mads  to  lie  at  their  computed 
locations.  Those  locations  are  generated  in  turn  by  the  lattice,  magnet 
design,  measured  fiducial  point  positions  relative  to  foe  physical 
structure  of  foe  individual  magnet,  and  survey  control  station 
absolute  positions  as  determined  by  tunnel  control  surveys.  This 
process  of  setting  magnets  into  position  takes  no  acccuit  of  relative 
misalignment  of  neighboring  magnets  caused  by  random  error 
introduced  in  foe  installation  of  individual  magnets.  Ideally,  when 
ring  magnets  are  installed,  the  beam  closed  orbit  would  be  a  smooth 
curve  of  low  degree,  within  our  individual  magnet,  and  would  be  an 
arc  which  joined  continuously,  to  a  sufficiently  high  Oder  of 
derivative,  curve  segments  though  adjacent  magnets.  But,  local 
relative  dislocations  and  tilts  of  foe  axes  of  successive  magnets  can 
cause  more  serious  beam-dynamical  problems  than  global  long  scale 
radial  or  vertical  magnet  displacements.  One  then  needs  a 
smoothing  adjustment  of  magnet  locations  to  set  magnets  onto  a 
smooth  curve,  which  lies  globally  within  a  tubular  envelope  of 
allowable  radial  and  vertical  error  bounds  about  the  beam  trajectory 
curve  specified  by  the  acceler&or  lattice.  The  shape  of  foe  smoothed 
curve  follows  from  foe  particular  magnet  installation  data  set  to  be 
fitted,  rather  than  from  an  analytical  formalism.  Studies  of 
smoothing  procedures  were  carried  out  at  SLAC  and  CERN  [8,9]. 
SLAC  smoothing  codes  aid  procedures  are  being  incorporated,  into 
GEONET  software;  it  is  expected  that  they  will  be  available  to  users 
in  1993.  It  is  anticipated  that  a  smoothing  procedure  similar  to  that 
used  at  SLAC  will  be  used  at  RHIC. 

5.  T.W  Copeland-Davis,  The  KERN  ME5000  Mekometer  and 
Short  Distance  Measurements,  CERN  Report  LEP/SU  89-2,  Feb.  5, 

6.  J.  Claus  and  H.  Foelsche,  Beam  Transfer  From  AGS  To  RHIC, 
RHIC  Technical  Note  No.  47 ,  BNL  Accelerator  Division  Report 
ADRHIC-47,  1988.  See  also  Jan.  9, 1990  Addendum. 

7.  RE  Than,  Injection  Line  Geometry,  AGS  To  RHIC  Beam 
Tranroort  Line.  BNL  Data  FOde  ARHIC13,  Sa*.  12,  1988. 

8.  T.  Hastie,  Principal  Curves  And  Surfaces,  SLAC  Report-276, 
STAN-LCS-11,  UC-32  (M),  Stanford  Linear  Accelerator  Center, 
Nov.  1984. 

9.  Applied  Geode*,  For  Particle  Accelerators,  CERN  Report  87-01, 
Geneva,  Feb.  9, 1987. 
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Fig.  3.  The  Ring  Monument  and  Target  Bail 
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Abstract 

The  Advanced  Photon  Source  injector  synchrotron  is  a  7- 
GeV  position  machine  with  a  standard  alternating  gradient 
lattice.  The  calculated  effect  of  dipole  magnet  strength  errors 
on  the  orbit  distortion,  simulated  by  Monte  Carlo,  was  reduced 
by  stating  pairs  of  magnets  having  the  closest  simulated 
measured  strengths  to  reduce  the  driving  term  of  the  integer 
resonance  nearest  the  operating  point.  This  method  resulted  in 
a  factor  of  four  average  reduction  in  the  rms  orbit  distortion 
when  all  68  magnets  were  sorted  at  once.  The  simulated  effect 
of  magnet  measurement  experimental  resolution  was  found  to 
limit  the  actual  improvement.  The  ji-beat  factors  were 
similarly  reduced  by  sorting  the  quadrupole  magnets  according 
to  their  gradients. 


"~!‘D^(v!-kV  [?  (f)i 

where  the  i,j  are  pairs  of  magnets  and  D  is  a  constant 
depending  chi  p,  v,  P  and  the  magnet  length.  The  sum  on  i 
and  j  is  over  the  N  magnets.  The  cosine  terms  of  N/2  pairs  of 
sorted  magnets  can  be  selected  to  cancel  the  first  term  while 
uncorrelated  pairs  of  magnets  will  contribute  zero  on  the 
average. 

II.  SORTING  ALGORITHM  AND  SIMULATION 


I.  INTRODUCTION 

The  method  for  magnet  sorting  is  based  mi  the  Floquet- 
Fourier  decomposition  of  the  orbit  in  the  presence  of  error 
fields  [1].  The  expression  for  the  mbit  is: 

OO 

^  =  X  ak  ^T~^2  exPB  *  W  <*> 

where  9  is  the  betatron  phase,  v  is  the  tune,  and  a*  is  the 
coefficient  given  by: 

C 

«k  =  2  jt'p  v  J  ds^P?expH*k/vI  (2) 

where  SB  is  the  measured  field  error  in  a  dipole  magnet,  B  is 
the  field,  and  p  is  the  radius  of  curvature. 

Similar  expressions  exist  for  the  P -beats  where  the 
coefficient  is  obtained  by  integrating  over  the  gradient  errors  at 
twice  integral  multiples  of  the  betatron  phase.  When  all  P  are 
the  same,  as  in  the  case  for  the  APS  synchrotron,  the  kth 
coefficient  is  a  vector  sum  in  the  complex  plane  of  the  field 
emus  multiplied  by  the  exponential  factor  in  (2). 

An  analytic  expression  for  the  rms  x  mbit  can  be  derived 
from  the  above  expressions: 

•Work  supported  by  the  U.S.  Department  of  Energy,  Office  of 
Basic  Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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The  lattice  functions  [3  and  6  were  generated  by  the  standard 
transport  code  COMFORT.  Figure  1  displays  the  horizontal 
phase  as  the  polar  angle,  and  the  radial  coordinate  is  0  at  the 
center  of  each  dipole  magnet.  Dipole  magnet  sorting  is 
accomplished  by  minimizing  the  coefficient  of  the  k  =  12 
integer  resonance  fm  the  APS  synchrotron  since  the  horizontal 
tune  v  =  11.76. 


Figure  1.  Dipole  Phases 

The  large  number  of  dipole  lattice  sites  approximately 
180  degrees  apart  in  phase  suggests  the  simplest  algorithm. 
Magnets  with  the  closest  measured  errors  are  assigned  to  lattice 
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points  with  nearly  opposite  phase  on  the  polar  plot.  The  numbers  of  dipoles  sorted  at  once.  The  case  of  N=22,  one  third 
magnet  errors  were  simulated  by  a  Gaussian  distribution  as  of  the  ring,  is  belter  than  the  case  of  34  magnets  because  of 
was  the  magnet  measurement  resolution.  reduction  of  the  k*2,3  coefficients  due  to  the  periodicity  of  the 

lattice.  The  experimental  magnet  measurement  resolution  does 
not  dramatically  affect  the  results  for  resolution  of  up  to  10% 
III.  RESULTS  AND  DISCUSSION  of  the  nns  of  8B/B.  In  comparison,  the  tolerance  specified  on 

the  rms  8B/B  is  10' 3  and  the  estimated  measurement 
resolution  [2,  3]  of  the  APS  synchrotron  dipole  measurement 
A.  Dipoles  system  is  10^. 


The  comparison  of  the  random  assignment  of  dipoles  with 
the  sorted  case  of  all  68  magnets,  assuming  zero  magnet 
measurement  experimental  error,  is  shown  in  Figure  2.  The 
mean  reduction  in  nns  x  orbit  is  a  factor  of  approximately  four 
and  agrees  with  (3).  The  random  selection  case  also  exhibits  a 
long  tail  of  upward  fluctuations. 


0.2  0.6  1  1.4  1.8  2.2  2.6  3  3.4  3.8 

Figure  2.  Random  vs  sorted  orbits  for  40  machines 


magnet  measurement  resolution  [%] 

Figure  3.  Magnet  sorting  result  for  AB/B  =  10' 3 


B.  Quadrupoles 

The  sorted  results  for  the  rms  p-beat  factors  are  reduced  by 
a  factor  of  six  over  the  unsorted  results.  The  40  focusmg  and 
40  defocusing  quadrupoles  are  sorted  separately  according  to 
their  gradients.  The  difference  in  sorting  improvement 
compared  to  the  dipoles  is  primarily  due  to  the  properties  of 
the  lattice  resulting  in  sites  with  better  cancellation.  In  the 
case  of  the  quadrupoles,  the  best  result  was  obtained  by 
assigning  pairs  of  magnets  with  opposite  gradient  errors  to  the 
same  value  of  twice  the  phase  on  a  polar  plot  The  cancellation 
using  sites  with  twice  the  phase  appoximately  180  degrees 
apart  was  not  as  effective  and  resulted  in  a  factor  of  3.5  average 
improvement  in  the  beat  factor. 

IV.  CONCLUSIONS 

A  simple  method  for  sorting  magnets  that  relies  on  basic 
theory  yields  reduction  factors  of  4  in  orbit  for  the  dipoles  and 
6  in  beat  factors  for  quadrupoles  at  the  APS  synchrotron. 
Similar  reductions  can  be  obtained  without  having  the  entire 
sample  of  magnets  to  choose  from.  Analytical  estimates  and 
Monte  Carlo  methods  yield  the  same  average  results.  This 
procedure  can  be  used  to  gain  an  added  margin  for  safety  in 
magnet  manufacture.  The  reductions  in  xTms  obtained  from 
sorting  using  a  more  sophisticated  method  would  be  limited  by 
the  magnet  measurement  resolution  unless  the  ratio  of  rms 
measurement  error  to  rms  field  error  were  smaller  than  10%. 
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Identical  random  field  errors  were  used  for  both  cases.  The 
k=l,2,3  coefficients  have  the  largest  contribution  to  the  orbit 
after  sorting.  Figure  3  shows  the  mean  rms  orbit  for  different 
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Abstract 

A  magnet  sorting  procedure  for  accelerators  is  developed. 
It  is  implemented  in  two  steps.  The  first  step  is  completely  ana¬ 
lytical  in  character  while  the  second  step  involves  the  compari¬ 
son  of  computed  values  with  the  measured  error  values.  The 
method  has  been  implemented  for  sorting  the  Advanced  Photon 
Source  (APS)  injector  synchrotron  dipoles  and  quadrupoles 
with  excellent  results. 

I.  INTRODUCTION 

Suppose  we  are  given  a  set  of  magnets  whose  magnetic 
field  errors  have  been  measured.  Then  the  question  arises 
whether  there  is  some  optimal  way  of  placing  them  around  the 
accelerator  ring  to  minimize  the  effect  of  the  magnetic  field 
errors. 

One  of  the  simplest  ways  to  answer  this  question  is  to  try 
all  possible  permutations  of  the  known  errors  on  the  magnet 
locations  and  choose  the  combination  which  produces  the  mini¬ 
mum  effect  However,  the  number  of  combinations  grows  as  n!, 
where  n  is  the  number  of  magnets  to  be  sorted. 

In  the  past,  another  method  has  been  used  for  the  simulated 
errors  which,  for  lack  of  a  better  name,  we  will  call  the  “Main 
Harmonic  Cancellation  Method"  (see  Lopez  [1]).  The  idea  of 
this  method  is  as  follows.  Let  us  say  we  want  to  sort  dipole  mag¬ 
nets  on  dipole  errors.  The  magnets  of  equal  strength  are 
selected  and  placed  x  radians  apart  in  phase  of  the  particle  tra¬ 
jectory  so  that  the  equal  strength  errors  make  equal  but  opposite 
contributions  to  the  particle  trajectory. 

Sometimes  the  method  of  simulated  annealing  may  be  used 
for  sorting.  This  method,  also  used  in  simulation  for  sorting  the 
injector  synchrotron  dipoles  over  simulated  errors,  gave  a  slight 
improvement  over  die  Main  Harmonic  Cancellation  Method 
when  used  in  simulation  for  the  APS  injector  synchrotron  (see 
Sampson  [2]).  For  details  see  Kirkpatrick  [3]  or  Flannery[4], 

H.  OPTIMAL  PROCEDURE 

The  new  sorting  procedure  is  based  on  solution  of  the  linea¬ 
rized  equations  of  motion.  For  details  see  Koul  [5]  or  Courant 
[6].  The  solution  characterizing  the  effect  of  errors  is  given  by 
amplitude  function  I  expressed  below. 

i-»  i-» 

1  -  c  X  Z  h<p»*l*>  H<Pi*Li>  o) 

1-1  J-l 
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H(P„  LJ  is  some  function  of  p,  and  Li,  where  ^  and  Lj  are 
the  beta  function  of  the  beam  at  the  ith  element  and  the  length 
oftbeith  element  respectively;  fj  is  the  measured  error  at  the  ith 
location;  and  ipu  —  (4>r-4>j)  is  the  phase  difference  of  the  tra¬ 
jectory  between  the  ith  and  the  jth  locations  phases  <ps  and  <j)j. 

The  optimal  procedure  has  two  steps.  In  the  first  step  a  cer¬ 
tain  linear  set  of  equations  has  to  be  solved,  and  in  the  second 
step  some  matching  of  the  calculated  and  the  measured  values 
has  to  be  performed.  The  first  step  can  be  carried  out  in  either 
of  two  ways.  Both  ways  are  outlined  below  under  the  headings 
“Procedure  1”  and  “Alternate  Procedure  1.” 


m.  STEP  1  (PROCEDURE  1) 

Suppose  we  minimize  function  I  with  respect  to  the  phase 
differences  rpij,  thereby  considering  the  rpjj  as  variables.  Hav¬ 
ing  obtained  the  equations  from  variation  of  I  with  respect  to 
ip,  j,  we  ask  another  question:  What  values  should  fi,  (Le  errors) 
assume,  such  that  the  given  iptj  satisfy  the  variational  equa¬ 
tions?  If  we  answer  this  question,  then  we  have  found  that  for 
die  calculated  values  of  fit  given  ip,j  minimize  the  amplitude 
function  I.  However,  it  is  important  to  point  out  the  following. 

Notice  that  for  i*j,  ip,j  =  -ty,  and  ipu  =  0.  We  are  left 
with  only  n  (n  - 1)  /2  variables,  but  all  of  these  n  (n  - 1)  /2,  ip,  j 
are  not  linearly  independent  Since  we  are  dealing  with  the 
phase  differences,  we  can  fix  a  position,  say  position  number 
‘l’.and  compute  ip,jforallj*l,outof  thetotalofn(n-- 1)/2, 
tpij.  Then  it  is  easy  to  see  that  for  all  i  and  j,  <pu  = 

Hence  for  ‘n’  positions  corresponding  to  the  V  magnet,  there 
are  only  (n-1)  linearly  independent  ip,,.  Therefore,  to  mini¬ 
mize  I  with  respect  to  the  phase  differences  we  will  give  varia¬ 
tions  only  with  respect  to  ip,,.  Carrying  out  the  variation  and 
assuming  that  at  least  one  of  the  errors,  say  fj,  is  known  we  get. 


i*n 

X  Li)fh  sin  ipk ,  =  H(Pi,  L,)f,  sin  tpk  k,  (2) 

i— 2 


which  can  be  formally  written  as  a  matrix  equation: 

{■a 

X  Mkjfj  =  H(Pj,Lj)fj  sin  ip,  k.  (3) 

1-2 
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ThcEq.  (2)l>2  is  tree  for*llk,k«  (2,  „.,n).  It  is  important 
to  remember  that  the  calculated  values  (fi, ....  fj  will  be  differ¬ 
ent  from  the  actual  measured  values  in  the  magnets.  However 
we  will  delay  the  discussion  of  this  point. 


IV.  STEP  1  (ALTERNATE  PROCEDURE  1) 


We  assume  that  at  least  one  of  the  errors  is  known  and  is 
different  from  zero.  We  next  consider  the  rest  of  the  f»  as  vari¬ 
ables  and  take  the  derivative  of  the  amplitude  function  I  with 
respect  to  these  f/s.  Let  us  assume  that  we  know  die  value  of 


the  first  error.  Then 


61. 

Sfk 


0  is  a  set  of  linear  equations  whose 


solution,  in  terms  of  the  known  phases  and  the  known  errors, 
gives  the  set  of  unknown  errors  whose  placement  at  the  corre¬ 
sponding  phases  would  minimize  I.  Carrying  out  the  above 
derivative  and  rearranging  the  terms,  we  get  for  all  k,  k  =  (2, .... 


n). 


Figure  1 


J-B 

X  H(Pj-  Lj)fj  cos  i|>k  j  -  -H(plt  L,)f,  cos  i|>k ,.  (4) 

W 

Comments  similar  to  ones  made  in  “Procedure  1”  are  valid 
for  this  alternate  procedure. 

V.  STEP  2 

Having  solved  the  set  of  linear  equations  obtained  from  one 
of  the  above  procedures,  we  ask  how  does  this  information  get 
translated  into  the  placement  of  the  measured  error  values.  It 
was  answered  in  the  following  way.  We  ordered  the  measured 
error  values  and  compared  the  largest  measured  error  value  to 
the  calculated  values.  The  measured  error  was  placed  in  the 
position  of  its  closest  calculated  value.  Starting  fiom  the  largest 
absolute  error  value  we  worked  our  way  through  towards  the 
smallest  error3.  In  this  way  we  associate  the  measured  errors 
with  a  position  in  phase. 

VI.  IMPLEMENTATION  OF  THE 
OPTIMAL  PROCEDURE 

We  simulated  45  machines  for  the  dipole  errors  in  dipoles 
for  the  APS  injector  synchrotron.  Figure  1  shows  the  sample 
random  distribution  functions  used  in  the  simulation.  Figures 
2  and  3  show  the  frequency  with  which  the  amplification  factor 
I  was  improved  in  each  machine,  over  the  randomly  placed 
dipoles  and  quadruples,  respectively. 

1  It  may  be  pointed  out  that  it  is  not  necessary  to  specify  only  one  of  the 
unknowns  to  start  We  can  specify  more  than  one  measured  value  at  dif¬ 
ferent  positions  and  solve  for  the  remaining  ones  in  terms  of  the  known 
quantities. 

2  Even  though  we  formally  have  (n-1 )  linearly  independent  equations  in 
Eq.  (2),  it  may  still  be  that  a  set  of  equations  is  not  linearly  independent 
by  virtueof  the  coefficientofthe  matrix  vanishing  for  certain  values. 

3  Note  that  as  we  go  fiom  the  largest  value  to  the  smaller  values  the  num¬ 
ber  of  choices  formeasured  error  to  be  placed  keeps  decreasing.  In  partic¬ 
ular,  the  last  measured  error  has  only  one  place  to  go .  Therefore,  this  may 
not  be  an  optimal  way  to  relate  measured  values  to  the  calculated  values . 


Figure  2 
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Figure  3 


The  only  comment  in  favor  of  this  procedure  is  that  it  worked  extremely 
well  for  the  simulations  run  with  simulated  random  errors  used  for  the 
APS  injector  synchrotron  dipole  and  quadrupole  errors. 
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The  frequency  distribution  of  the  amplification  factor  for 
sorted  and  random  machines  is  shown  in  Figure  4.  Figure  5  is 
a  similar  plot,  but  here  both  sets  in  the  plot  refer  to  the  amplifi¬ 
cation  factors  obtained  after  sorting.  One  corresponds  to  sort¬ 
ing  68  dipoles  ata  time  and  the  other  corresponds  to  sorting  34 
magnets  at  a  time. 


is  for  the  gain  factor,  defined  as  /l - /L 

the  number  of  dipoles  sorted. 


d,  as  a  function  of 


68  Sorted  Dipoles 
34  Sorted  Dipoles 
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Figure  5 


Figure  6  shows  the  dependence  of  the  result  of  sorting  on 
the  number  of  magnets  sorted  at  a  time.  One  can  easily  see  that 
the  larger  the  number  of  magnets  sorted  at  a  time  the  lower  the 
amplification  factor  obtained.  Figure  6  also  shows  the  mean 

and  the  minimum  7l— . One  can  easily  see  that  not  only  is 

the  mean  /I— much  larger  than  any  of  the  sorted  /I _ but 

the  minimum  /I out  of  45  random  machines  is  much  larger 

than  the  sorted  Jl _ as  long  as  the  number  of  magnets  sorted 

is  at  least  18.  Figure  7  shows  the  same  result,  but  here  the  plot 


•  o«  nogiwti  torttd  *  •  «ln» 

Figure  7 
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Abstract 

At  present  a  400  MeV  electron  storage  ring  EUTERPE  is 
being  developed  at  the  Eindhoven  University  of  Technology 
(EUT).  h  is  a  University  project,  set  up  for  studies  of  beam 
dynamics,  applications  of  synchrotron  radiation  and  for  die 
education  of  students  in  this  field.  The  circumference  of  the 
ring  is  approx.  40  m  with  12  dipoles  and  32  quadrupoles. 
The  critical  wavelength  of  die  emitted  photon  spectrum  is 
8.3  nm  for  the  regular  dipoles.  The  major  ring  components 
are  being  constructed  at  the  own  University  Central  Design 
and  Engineering  Facilities. 

The  concept  of  the  geodetical  system  and  the  instrumen¬ 
tation  are  briefly  described. 

I.  INTRODUCTION 

In  the  Cyclotron  Laboratory  of  the  Eindhoven  University 
of  Technology  (EUT)  research  is  done  mainly  in  two  areas, 
viz.  ion  beam  analysis  and  its  applications,  such  as  proton- 
induced  x-ray  emission,  and  accelerator  technology.  The 
Eindhoven  University  of  Technology  Ring  for  Protons  and 
Electrons  (EUTERPE),  including  the  injection  system  consis¬ 
ting  of  a  linear  accelerator  LINAC  10  MeV  and  the  Race¬ 
track  Microtron  Eindhoven  (RTME,  up  to  75  MeV),  is  s 
University  project  (see  Fig.  1)  [1.2]. 
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This  ring  has  been  designed  in  the  fust  place  as  a  tool 
for  charged  particle  beam  dynamics  studies.  In  the  second 
place  it  serves  as  a  facility  for  studies  utilizing  the  synchro¬ 
tron  radiation  and  for  the  education  of  students  who  are 
interested  in  «iis  field. 

The  ring  win  beoome  operational  in  several  phases.  In 
the  first  phase  the  synchrotron  nuEation  in  the  UV  andXUV 
region  (the  critical  wavelength  is  8.3  nm)  will  be  provided 
from  the  regular  dipole  magnets.  Later  on,  in  the  second 
phase,  a  10  T  wiggler  magnet  (corresponding  to  e  critical 
wavelength  of  1 2  nm)  and  other  special  insertion  devices 
win  be  wdArd  In  diis  way  other  appticationa  and  Iv— 
dynamic  studies  will  be  feasible.  Special  attention  wOl  be 
devoted  to  problems  relevant  to  larger  facilities,  but  which 
cannot  be  studied  there  due  to  a  lack  of  the  available  beam 
time. 

EUTERPE  is  a  low-energy  ring.  It  is  being  built  by  die 
EUT  staff  and  the  Central  Design  and  Engineering  Facilities 
of  the  EUT  within  the  group  budget  In  the  firat  phase  it  will 
also  be  supported  by  EUT  stimulation  funding.  The  capital 
investment,  including  the  UHV  system,  power  supplies,  and 
computer  control  is  estimated  at  23  million  DF1.  Labour 
costs  of  the  Engineering  Facilities  are  not  charged  to  the 
group  to  its  full  amount 

At  present,  the  LINAC  10  and  the  RTME  are  under  con¬ 
struction.  The  dipoles  of  EUTERPE  are  in  the  early  test 
phase.  The  other  components  (quadrupoles,  sextupoies  etc.) 
are  still  in  development 

n.  TECHNICAL  ASPECTS  OF  THE  RING 

The  magnetic  structure  of  EUTERPE  is  already  known 
(see  Fig.  1)  and  consists  of  twelve  dipoles  (30°  bending),  32 
quadrupoles  for  the  beam  focusing,  8  sextupoies  and  closed 
orbit  distortion  connect  ion  magnets.  There  are  four  2  m  long 
dispersion-free  straight  sections.  One  of  these  straight  sec¬ 
tions  will  be  used  for  the  HF-cavity,  necessary  to  compen¬ 
sate  the  energy  loss  due  to  the  synchrotron  radiation. 
Another  straight  section  is  allocated  for  die  injection  proces. 
The  remaining  two  are  useful  for  insertion  devices  such  as 
undulators  and  wigglers,  to  study  fundamental  problems. 

The  bending  magnets  are  of  the  parallel  faced  C-configu- 
ration  which  is  beneficial  for  coupling  out  the  synchrotron 
radiation.  The  dipole-dimensions  we:  block  length  48  cm, 
height  39  cm,  width  35  cm,  pole  width  12  cm,  gap  23  cm 
and  a  weight  of  about  600  kg  each.  The  quadrupoles  have  an 
aperture  radius  of  2.5  cm  and  a  rectangular  outer  shape  of 
25  x  21  x  21  cm3  [3]. 

The  level  of  the  reference  beam  is  about  120  m  above 
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Mm  floor.  The  ring  circumference  is  about  40  m.  The 
EUTERPE  project  is  situated  in  the  hall  of  the  Cyclotron 

Labs. 

HL  THE  ALIGNMENT 

An  overall  alignment  tolerance  for  die  electron  storage 
ring  is  specified  as  *02  mm  in  all  directions,  a  misalign¬ 
ment  to  neighbouring  components  of  max.  0.1  mm  in  all 
directions  and  a  max.  twist  of  02  ami. 

The  geodetical  basic  network  will  be  formed  by  8  refe¬ 
rence  points,  the  floormarks,  fixed  just  below  the  surface  of 
the  1W  m  thick  floor  of  the  hell  (see  Fig.  2). 


By  meens  of  an  optical  plummet,  pillars  will  be  centred 
above  the  floormarks  with  an  accuracy  of  0.02  mm.  These 
pillars  (1.60  m  high,  ensuring  a  level  which  is  above  the 
level  of  the  components  of  the  ring)  will  provide  e  mounting 
for  die  theodolite  the  optical  targets  which  are  used  to 
measure  the  position  of  the  components  (dipoles,  quadru- 
poles  esc.)  relative  to  the  geodetical  network. 

One  rack  with  optical  targets  (Taykr-Hobson  spheres), 
placed  reprodudbly  on  each  dipole  and  a  similar  rack  for  the 
quadrupofe  assemblies,  serves  as  a  reference  for  the  position 
of  these  components  within  the  network.  The  lay-out  during 
the  alignment  measurement  of  a  dipole  is  visualized  in  Fig. 
3. 


The  position  of  these  floormarks  has  to  be  known  wfth  at 
least  the  same  accuracy  as  is  required  for  the  positioning  of 
the  components.  This  is  accomplished  by  measuring  the 
lengths  and  the  angles  between  points  and  segments  along 
the  complete  circumference  plus  some  diagonals  of  die 
network.  The  measurement  of  the  geodetical  basic  network 
is  only  done  once,  since  the  floor  that  contains  the  floor- 
marks  is  30  years  old  and  thus  very  stable. 

The  result  of  the  measurement  is  a  rigid  network  in 
which  die  position  of  the  floormarks  is  indicated  by  their  xz- 
coordmates  within  die  main  coordinate  system.  The  origin  of 
this  coordinate  system  is  chosen  in  such  a  way  that  all 
relevant  points  have  positive  coordinates.  Moreover  die 
origin  is  chosen  such  that  the  x-  and  z-coordinstes  of  the 
centre  of  the  ring  are  quite  different  hi  this  way  many 
simple  errors  during  alignment  measurements  are  prevented. 
The  desired  position  of  the  dipoles  and  quadruples,  deter¬ 
mined  by  the  ion-optical  calculations  using  the  program 
DIMAD,  can  be  converted  into  xz-coordinates  in  the  main 
coordinate  system. 


Fig.  3.  Overview  of  lay-out  during  dipole  measurement 


First,  the  components  will  be  positioned  roughly  (*2 
mm).  Then  their  position  will  be  iteratively  measured  and 
adjusted.  The  measurement  is  done  by  spatial  intersection.  A 
standard  one-second  theodolite  will  be  used.  Centred  over  a 
floor-mark  its  position  is  known.  Targets,  centred  over  other 
floormarks  will  serve  as  additional  positional  references.  The 
angular  position  of  the  dipoles  and  quadrupoles  relative  to 
the  theodolite  can  then  be  determined.  By  exchanging  the 
theodolite  and  the  targets,  the  measurement  can  be  done 
from  several  points  in  the  network.  From  all  these  angular 
measurement!  the  exact  position  of  the  dipoles  and  quadru- 
poies  within  tie  main  coordinate  system  can  be  determined. 

Finetuning  of  the  six  degrees  of  freedom  of  the  com¬ 
ponents  is  provided  by  the  adjustable  frames  on  which  they 
are  mowled.  This  iterative  process  of  measurement  and  ad¬ 
justment  will  finally  lead  to  die  desired  position  of  the 
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Abstract 

CEBAF,  the  Continuous  Electron  Beam  Accelerator 
Facility,  when  completed,  will  house  a  4  GeV  recirculating 
accelerator.  Each  of  the  accelerator's  two  limes  contains  160 
sqiefcoodocting  radio  frequency  (SR F)  1497  MHz  niobium 
cavities  [1]  in  20  cryotnodules.  Alignment  of  the  cavities 
within  the  cryomoduie  with  respect  to  beam  axis  is  critical  to 
achieving  the  optimum  accelerator  performance.  This  paper 
discusses  the  rationale  for  the  current  specification  on  cavity 
mechanical  alignment:  2  mrad  (rms)  applied  to  the  0.5  m 
active  length  cavities.  We  describe  the  tooling  that  was 
developed  to  achieve  die  tolerance  at  the  time  of  cavity  pair 
assembly,  to  preserve  and  integrate  alignment  during 
cryomoduie  assembly,  and  to  translate  the  alignment  to 
appropriate  installation  in  the  beam  line. 

I.  INTRODUCTION 

The  cryomoduies  for  the  Continuous  Electron  Beam 
Accelerator  Facility  (CEBAF)  located  in  Newport  News, 
Virginia,  will  provides  a  low  emittance,  200  jiA  bern  with 
energies  up  to  4  GeV  for  fundamental  experimental  studies  in 
nuclear  physics  [2],  The  acceleration  is  achieved  from  a 
conventional  bunched  electron  source  at  300  keV;  a 
superconducting  injector,  containing  2  1/4  cryomoduies, 
which  provide  a  nominal  energy  gain  of  43  MeV;  and  two 
recirculating  linacs  containing  20  cryomoduies,  each  linac 
capable  of  achieving  an  energy  gain  of  400  MeV.  After  five 
recirculation  passes,  the  two  antiparallel  linacs  produce  a 
beam  of  4  GeV  to  three  end  stations. 

Exercises  conducted  during  the  Front  End  Test  in  the 
spring  erf  1991  indicated  significant  transverse  beam  steering 
by  the  accelerating  cavities.  These  effects  are  attributable  to 
cavity  cell  orientation  and  cavity  pitch  and  yaw. 
Measurements  taken  at  that  time  indicate  that  cavity 
misalignment  of  1 — 2  mrad  was  not  uncommon,  and  one 
cavity  was  reportedly  at  6  mrad  [3]. 

II.  ALIGNMENT  RATIONALE 

The  original  cavity  alignment  specification  was  limited  to 
the  alignment  of  the  mechanical  structure  aid  did  not  consider 
the  dynamical  relevant  accelerating  field.  This  specification 
was  in  existence  at  the  time  of  the  PCDR  [4]  and  was  based  on 
earlier  estimates  by  Leemann  and  Penner  [3].  The  model 
employed  for  this  estimate  assumed  a  uniform  accelerating 
gradient  of  3  MV/m  over  the  0.5  m  active  length  cavity;  the 
transverse  beam  steering  for  each  cavity  was  then  the  cavity 
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pitch  or  yaw  angle  caused  by  misalignment  times  the  ratio  of 
energy  gain  to  the  energy  in  the  cavity.  The  effect  of  fringe 
folds  was  ignored,  which  resulted  in  the  original  tolerance  of 
±  1  mm  from  the  central  orbit  This  specification  was 
supported  by  several  simulations — York  and  Tang  [6],  and 
Kewisch  et  al.,  [7] — which  were  consistent  with  the 
specifications.  During  a  review  of  the  tolerances  it  became 
apparent  that  the  models  in  question  [8]  were  pessimistic  in 
regard  to  the  effect  of  cavity  misalignment  since  they  ignored 
effects  of  cavity  fringe  fields. 

A  Mafia  study  was  performed  to  determine  the  effect  of 
cavity  assembly  errors.  Because  of  computer  mesh 
limitations,  the  grid  size  was  constrained  to  2.3  to  5.0  mm, 
minimum  size.  The  cavity  manufacturing  and  assembly 
tolerances  were  routinely  10 — 20  mils  (0.2 — 0.5mm)  or  an 
order  of  magnitude  smaller  than  the  mesh  size.  These  studies, 
concluded  that  the  most  critical  assembly  emror  is  tilts  in  the 
cavity  equatorial  plane.  For  assembly  errors  on  the  10—20 
mil  range,  one  can  then  expect  pitch  and  yaw  errors  equivalent 
to  a  few  mrad. 

HI.  ALIGNMENT  SPECIFICATION 

The  accelerating  field  misalignment  studies  supported  the 
2  mrad  rms  tolerance.  The  simulations  were  a  factor  of  two 
too  sensitive  as  they  neglected  the  fringe  folds.  Similarly  the 
studies  were  a  factor  of  two  too  optimistic  since  they 
neglected  cavity  assembly  errors.  The  specification  was  then 
set  where  2  mrad  rms  tolerance  with  a  2  a  cutoff  was  assigned 
to  cavity  assembly,  measurement,  and  fiducialization  errors. 
All  of  these  errors,  such  as  cell  tilts,  electromagnetic  axis 
determination,  fiducial  transfers  to  flanges,  etc.,  are  to  be 
limited  to  this  level.  The  factor  of  two  attributable  to  fringe 
fields  offsets  these  effects.  The  remaining  2  mrad  rms  error 
with  a  2  a  cutoff  is  assigned  entirely  to  mechanical  alignment 
of  the  cavity.  An  error  budget  was  then  set  up  consisting  of 
three  sources:  Individual  cavity  alignment,  cavity  pair 
alignment,  and  cryomoduie  alignment.  The  misalignment  was 
defined  in  terms  of  net  transverse  momentum  impulse  applied 
to  the  beam  by  a  single  cavity.  Reasonable  errors  were 
estimated  for  the  three  source  terms,  which  resulted  in  0.5 
mrad  level  for  cavity  alignment,  1.25  mrad  for  cavity  pair  and 
0.1  mrad  level  for  cryomoduie  net  alignment  When  added  in 
quadrature  this  results  in  less  than  2  mrad,  which  is  in  the 
specified  range  [9]. 

IV.  CEBAF  CAVITIES 

The  design,  manufacture  [10],  test  and  performance  [11] 
of  the  CEBAF  superconducting  radio  frequency  (SRF) 
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cavities  are  reported  elsewhere.  Cavities  received  from 
Siemens  undergo  receipt  inspection — which  indudes  tuning, 
mrrhawira1  iaspectkmtaeasuremeat  and  initial  chemistry. 
The  cavities  then  undergo  final  chemistry,  are  rinsed,  and 
assembled  into  pairs  on  the  alignment/installation  future. 
Figure  1.  Cold  ceramic  windows,  pair  parts  (elbows,  beam 
pipe),  HOM  loads  and  dished  head  assemblies  are  attached. 
One  of  the  larger  errors  associated  with  the  cavity  pair 
alignment  was  attributable  to  the  end  dish  assembly  as  it 
mounts  to  the  cavity.  A  special  fixture  was  manufactured  to 
ensure  alignment  of  the  beam  pipe  to  cavity  centerline. 
Errors,  for  a  single  cavity,  after  the  inclusion  of  this  additional 
step,  translated  into  an  achievable  0.5  mrad  level.  The  pairs 
are  sealed  hermetically  while  in  a  class  100  clean  room  to 
mitigate  cavity  contamination  that  can  degrade  performance. 
After  this  the  pair  is  evacuated,  mass  spectometer  leak 
checked,  rotated  vertically,  transferred  to  a  dewar  assembly, 
tested  at  2  K  in  a  vertical  dewar,  where  the  performance 
qualification — Qo  versus  E^cc — is  accomplished.  The  pair  is 
then  warmed  up  ,  sferred  back  to  the  alignment  fixture  and 
tuned  over  for  nit  assembly.  Cavity  alignment  surveys 
conducted  before  and  after  the  vertical  tests  indicated  a 
repeatability  of  measurements  of  better  than  1/4  mm  total 
error. 

V.  CEBAF  CRYOUNTTS 

Assembly  of  ciyounits  [12],  each  consisting  of  a  cavity 
pair  housed  in  a  helium  vessel  within  an  insulated  dewar,  is 
accomptisbed  outside  of  the  clean  room.  Tuners,  fundamental 
power  coupler  extensions  (FPC's)  and  electrical  wiring  are 
installed  while  the  pair  is  mounted  on  the  fixture.  The  pair  is 
inserted  into  the  helium  vessel.  Figure  2,  which  is  supported 
on  a  hydraulic  adjustable  stand.  Alignment  is  maintained  by 
sliding  the  fixture  on  bearings  riding  on  Thompson  rods 
through  the  open  vessel.  The  FPCs  are  connected  to  the 
vessel;  wiring  is  brought  out  through  feed  throughs;  titanium 
cavity  supports,  which  match  the  Niobium  thermal  expansion, 
are  added,  and  the  alignment  and  installation  fixture  is 
removed.  The  cavity  pair  alignment  is  now  preserved  by  the 
helium  vessel  After  leak  check  of  the  connections,  closure 
heads  are  added  at  both  ends,  allowing  the  beam  pipe  to  exit 
the  vessel  and  thereby  providing  a  fiducial,  and  the  heads  are 
welded  up.  After  leak  check  of  the  welded  vessel,  the 
magnetic  shielding,  Multi-Layer  Insulation  (MLI)  thermal 
shield,  and  additional  MLI  are  added,  and  the  unit  is  inserted 
into  the  vacuum  vessel  equipped  with  additional  magnetic 
shielding.  The  vacuum  vessel  is  supported  on  a  fixture  which 
allows  the  beam  axis  to  be  preserved  through  a  pair  of 
Thompson  rods  and  bearings.  Figure  3.  Nitronic  rods  are 
installed  which  support  and  axially  restrain  the  helium  vessel 
inside  the  vacuum  vessel.  Adjustment  of  die  rods  aligns  the 
mounted  pair  inside  the  cryounit  A  top  hat  assembly, 
including  a  pair  of  waveguides  for  RF,  wiring  connections, 
thermal  mid  magnetic  insulation  and  the  top  hat  cover, 
completes  the  installation.  Alignment  has  now  been 
transferred  outside  of  the  vessel  to  the  two  beam  line  flanges 


and  alignment  is  maintained  by  the  fixturing  of  the  Thompson 
rails  and  bearings. 

VI.  CEBAF  CRYOMODULES 

A  cryomodule  consists  of  four  cryounits,  each  of  which 
contains  a  cavity  pair,  two  end  cans  and  five  sets  of  bridging 
components.  In  the  cryomodule  assembly  area,  a  precision 
assembly  bench,  consisting  of  steel  T  beams  equipped  with 
Thompson  rails,  allows  the  alignment  built  into  the  cryounit  to 
be  transferred  to  the  module.  Figure  4.  Initially,  a  return  end 
can  is  installed  on  the  rail ,  then  the  four  cryounits  followed  by 
the  supply  end  can.  Connections  between  cryounits  are 
completed  under  a  laminar  flow  hood,  and  consist  of  beam 
pipes,  three  helium  connections,  and  thermal  and  magnetic 
shielding  covered  by  the  bridging  cylinder.  Access  to  the 
beam  pipe  flange  within  the  vessel  is  achieved  through  a  port 
at  the  midplane  on  each  side  of  the  bridging  rings.  Special 
tooling  equipped  with  an  optical  cross  hair  is  installed  on  each 
of  the  beam  pipe  flanges  which  project  out  to  the  module 
midplane.  When  the  assembly  bench  was  installed,  four 
granite  blocks  were  installed  at  the  ends  on  either  side.  Scope 
mounts  were  set  up  at  one  end  and  targets  placed  at  the  other. 
A  rough  alignment  of  the  cryounits  is  performed  initially  as 
they  are  installed.  After  assembly  the  bridging  rings  are 
welded.  Initially  we  were  concerned,  as  we  were  for  the 
welding  on  the  helium  vessel,  that  alignment  would  be 
compromised.  Although  we  do  see  movement  when  welding 
the  helium  vessel,  the  bridging  ring  welds  do  not  affect 
alignment  The  moment  of  inertia  of  the  vacuum  vessel  is 
large;  hence  there  is  little  deflection  of  the  cavities.  Despite 
this,  final  alignment  is  completed  while  the  welded  module  is 
supported  at  the  quarter  points,  thereby  cancelling  out  this 
effect  By  sighting  down  both  sides  simultaneously  both  the  x 
and  the  y  components  can  be  corrected.  Typically  alignment 
of  the  module  is  better  than  a  1/4  mm,  which  when  added  with 
the  cryounit  errors  comes  in  at  the  1.25  mrad  level. 

VII.  CEBAF  INSTALLATION 

Following  the  alignment  of  the  cryounits  into  a 
cryomodule,  a  series  of  external  reference  points  are  placed  on 
the  outside  of  the  vacuum  vessel.  These  fiducials,  which  are 
used  to  place  the  cryomodule  in  its  proper  position  in  the 
tunnel,  are  surveyed  with  a  theodolite-based  industrial 
measurement  system  [13].  This  procedure,  through  a  rigorous 
three-dimensional  survey  and  least-squares  adjustment, 
transfers  the  transverse  and  angular  orientation  of  the 
cryomodule  centerline  as  defined  by  the  granite  monuments  to 
the  reference  points.  The  ideal  coordinates  in  the  overall 
machine  coordinate  system  can  then  be  calculated  by  knowing 
the  cryomodule's  design  position  on  the  beam  line  and  the 
measured  target  offsets. 

Transfer  of  the  cryomodule  to  the  tunnel  is  accomplished 
on  a  specially  equipped  air  ride  trailer.  Tunnel  alignment 
consists  of  two  steps,  both  of  which  utilize  a  reference  control 
network  which  defines  the  machine's  position  in  the  tunnel. 
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This  artwork  was  measured  using  standard  high-precision 
surveying  techniques  developed  for  particle  accelerators 
(14,15].  The  first  iHgnmmt  step,  which  employs  optical 
tooling  "rough*  aligns  (<1.0  mm)  the  cryomoduk 

and  its  adjacent  components  for  vacuum  interconnections. 
The  second  step  ah|M  die  cryomodole  to  0.1  mrad  relative  to 
the  contra!  network  and  the  design  beam  line.  The  beam  pipe 


to  preclude  rotation  of  the  beam  line  bellows.  A  third 


VHLUNAC  RESULTS 

A  limit  on  the  alignment  error  of  the  end  cavity  of  the 
North  Uaac  can  be  set  by  the  fact  that  no  observable  beam 
spot  growth  occurs  when  a  120  MeV  beam  is  energy 
modulated  by  a  0.5  f.4V  using  this  cavity.  The  observed 
down  stream  sleeting  was  £  1/4  mm  which  implied  £  3  mrad 
misaiigniiient  angle  which  is  consistent  with  the  specification. 
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Figure  2.  Insertion  of  cavity  pair  into  helium  vessel. 


Figure  3.  Insertion  of  helium  vessel  into  vacuum  vessel. 
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Figure  1.  Aligranent/installatxm  fixture. 


Figure  4.  Cryomodule  fiducialization. 


Ill  1987  the  ESRF  paved  the  way  far  a  new  ambitious 
accelerator  alignment  to  antiniy  demanding  and  as  yet 
nuflidkicvod  dosifDi  ipccificrtioat.  TUs  ooBSiti  oC  8 

mnBnKni  iChuSBEBbGOK  OK  VBB  mKDCuC  CNDMBD  nnDQHu 

over  the  lkm  circumfcreace  of  the  storage  ring  to  an  absolute 
horizontal  plane  with  a  precision  of  ±  lmm.  Relative 
aligfuneat  precision  is  specified  at  ±  0.1mm  between  two 
«gace&t  ^oinOTtg  BffiiiywMiit  opcistioBs  mb  pcrfonwd  m 
leas  than  one  day. 

hi  1989  once  laboratory  tests  confirmed  that  each  of 
the  "Hydrostatic  Levelling  System"  and  jack  prototypes  were 
capabte  of  achieving  the  desired  resales,  the  series  production 
af  the  300  each  of  HLS  and  lads  necessary  to  align  the 
ESRF  storage  ring  was  lanndied. 

From  April  1991  thro'  Jammy  1992  the  installation  of 
giiden  in  load  mode  was  made  in  record  time,  to  which  the 
HLS  made  a  significant  contribution.  During  the  so  called 
storage  ring  "Commissioning  Phase"  (naming  from  Jammy 
92  thru'  June  92)  fire  software  was  written,  installed  all 
Rtyiipiiw^  mmcted  to  control  ibom. 

Today  we  would  like  to  present  the  results  of  the  first 
storage  ring  alignment  which  took  place  on  January  10  1993. 
Results  obtained  were  ten  times  better  than  those  stipulated  in 
the  specifications  and  duly  confirm  that  in  less  than  one  dpy 
it  is  possible  to  align  a  lkm  circumference  storage  ring  with 
an  afasohne  precision  of  +  O.lmm/km  and  a  relative  precision 
between  gndere  greater  than  10pm. 


Figure  1 :  One  of  the  96  girder  supports  for  the  ESRF 
Storage  ring  (pAapnk  and  mtapnln  fflUgPetS 


I.  INTRODUCTION. 

We  estimated  that  relative  movements  over  lkm  would 
be  of  die  order  of  1.2msa/year  on  the  geologically 
homogeneous  submil  of  the  Grenoble  she.  This  led  us  to 
schednle  monthly  realignments  to  aatisfr  specifications 
estimation  was  baaed  on  infer  swtiop  recorded  on 
scientific  polygon  over  a  13  year  period  and  consolidated 
specific  ESRF  stnfer  made  between  1987  and  1988). 


From  a  geometric  point  of  view  the  ESRF  storage 
is  p«— t  at  544  sensitive  elements  distributed  a 


The  HLS  (Fig.  2)  is  a  measuring  imtroment  based  on 
the  principle  of  communicating  vessels.  The  288  instruments 
are  interconnected  along  the  riicumfcrence  of  the  storage 
ring  by  a  fluid  filled  tube  which  determines  the  reference 
plane  and  an  air  filled  tube  which  guarantee*  pressure 
stability  along  the  network.  The  design  of  die  capacitive 
wuwiuwiiig  device  was  baaed  on  high  tech  satellite 
developments  made  by  ONERA1*.  This  device  has  a 
measurement  range  of  2500pm,  analog  resolution  inferior  to 
2pm  snd  digital  resolution  inferior  to  0.1pm. 


1  ONERA  Office  National  Etudes  et  Recherches 
Spadafcs  Aeronaut  iques  (Pabuseau,  Fiance). 

Mamrfbctnrer  :  FOG  ALE-NANOTECH  (Nimes 
30000  France) 


0-7803-1203-1/93503.00  0 1993  IEEE 
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He  pipes  which  connect  the  VfJS  vraeeb  are  made  of 
Ugh  tadtotvi  reristant  (20Mid)  tn-sparent  amend  of 
8/1  Onw  hrierrad/merad  dfanMcf. 

The  servo-controlkd  jack  (Figure  3)  is  a  high 
pradekm  screw  jack,  wjHataadiai  a  nominal  load  of  3  toes, 
and  with  a  40mm  displaoeraeftt  capacity  (correction  estimate 
over  a  20  year  period)  sad  resolution  tender  loading  of  0.2pm. 

He  acqpriakkm  aad  control  system  consists  of  064 
twvfaw  fa  iMiB|Mijri  iretifnrm**'***  of  a  16  byte 
a  VME  type  transfer  bus  and  an  Iff  type  computer  operating 
on  UNIX.  The  acquisition  of  signals  enritted  by  the  288  HLS 
on  an  HP  900/800  work  station  takes  15  seconds. 
Transmitting  iastractions  to  the  288  jacks  takes  about  two 
howi,  this  is  dne  to  the  procedures  and  security  systems 
which  an  operational  at  present  The  intrinsic  speed  of  the 
system  could  be  15  minutes 
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SCALE  1:5 

Figmo  3  :  Cross  section  of  a  micrometric  screw  jack 
used  on  the  ESRF  storage  ring. 

II.  JANUARY  10  1993  -  A  WORLD 
FIRST  I. 


The  first  realignment  operation  required  an  extremely 
careful  preparation.  This  was  carried  out  during  machine 
commissioning,  we  performed  a  series  of  monthly  filling 
tests.  This  test  required  60  hours  thermal  stability  in  the 
tunnel.  During  the  first  12  hours  we  checked  the  status  of  the 
machine  prior  to  testing  (<5pm/12h/288  HLS).  The  following 
36  hows  were  devoted  to  checking  the  aegnstment  of  the 
mean  plane  before  and  after  filling  <10pm/36h/288  HLS.  The 
last  12  hours  were  spent  checking  the  stability  of  the  machine 
after  testing  (Figure  4).  We  were  only  ride  to  perform  these 
tests  during  the  long  weekends  when  the  machine  was 
shutdown.  During  the  January  10  campaign  we  performed 
such  tests  before  and  after  .the  realignment  operation  in  order 
to  guarantee  optimal  safety  conditions. 


STATUS  OP  T*«  MMMW  IS  HOUMA  MAORI  DUJM  TWT 


RUMS  TWT  STASUZAUON  BURMA  M  HOURS 
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Figure  4 :  Precision  and  stability  time  of  HLS  network 
on  ESRF  storage  ring. 

The  organization  of  commissfoning  of  jacks  was  more 
complex  as  confronted  with  the  legitimate  reticence  of  the 
Operation  Team  to  jeopardize  parameters  painstakingly 
achieved  over  a  period  of  several  months.  Nevertheless  two 
preliminary  tests  were  performed  cm  July  27  and  August  27 
1992  during  the  summer  shutdown  period  These  tests  were  a 
uniform  displacement  of  +/-  100mm.  They  attained  a  success 
rate  of  92%  and  96%  respectively  and  enabled  correction  of 
defects,  essentially  linked  to  connection  problems  (absence  of 
cables  or  motor  cards). 


Figure  5  :  Cones  showing  reliability  and  precision  of 
HLS/jack  couples  during  two  commissioning  tests. 
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Ia  view  of  the  lap  amplitude  of  displacements  to  be 
carried  oat  (±  1.3  mm)  due  to  numerous  earth  works  we 
decided  to  split  the  hydraulic  network  into  sectors, 

composed  of  two  ceils  each.  This  was  done  for  two  sapor 

-  to  prevent  kiss  of  sipial  daring  adjustments, 
maximum  HLS  ampHtnde  being  2500jijn ; 

-  to  reduce  stabilization  dam  to  about  two  horns 
instead  of  thirty  six  liar  the  whole  network 

First  of  all  the  even  then  the  odd  numbered  cells  of 
each  pair  were  moved.  These  operations  each  took  one  hour. 

The  pamagc  of  the  machine  from  to  position 
IHsstratcd  at  the  top  of  flgare  6  to  that  IBartrated  at  the 
bottom  of  figure  f  takes  two  tours.  The  curve  in  the  middle 
of  figure  6  indiemes  the  differences  between  orders  given  to 
the  jacks  and  dm  readings  recorded  by  the  HLS  system. 

The  RMS  vahm  of  the  jack/HLS  pair  is  4.7pm  and 
we  ehtafamd  a  100%  amccae  rate  an  the  288  dbpiaceamats 
during  this  historic  riigameat  operation  performed  on 
January  10 1903. 
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Figure  6  :  Status  and  altimetric  evolution  of  the 
storage  ring  before,  daring  and  after  the  January  10  1993 
realignment  campaign. 


III.  CONCLUSION. 

Displacements  recorded  since  the  January  realignment 
confirm  the  1988  estimates  concerning  differential 
settlements  over  one  month  (Figure  6  bottom). 

The  success  of  the  HLS/jack  pair  recorded  in  January 
1993  attests  to  the  feasibility  of  a  monthly  realignment 

enabling  the  ESRF  accelerator  tO  be  mnintniwnH  in  an 
absolute  horizontal  plane  of  +  1  mm  and  ajpwwt  wyiipmwil 
to  a  value  inferior  to  10pm  during  realignment 

When  taking  account  the  1993  -  1994  beamline 
installation  program,  it  would  appear  that  the  optimal 
realignment  schedule  will  be  every  four  to  six  months  (the 
next  will  take  place  in  July  1993).  Differential  settlement 
recorded  in  zones  6  to  13  correspond  to  beamlines  which  will 
be  installed  this  year.  In  yean  to  come  the  frequency  of 
realignment  campaigns  during  steady  state  operation  will  be 
monthly.  This  will  guarantee  Users  on  all  beamlines  with  a 
beam  stability  of  ±  0.1mm  around  the  whole  circumference  of 
the  ring.  Recent  HLS  connections  set  up  between  the  machine 
and  recently  beamlines  have  given  a  promising 

insight  to  a  whole  range  of  new  possibilities  lor  control  in 
experimental  areas. 
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Abstract 

The  Sooth  Hall  Ring  (SHR)  requires  for  all  94  qoadropoles 
in  the  lattice  a  roll  tolerance  of  less  than  2mr.  An  impor¬ 
tant  step  in  achieving  this  tolerance  is  the  fldudalisatioa: 
the  relating  of  the  magnetic  axes  to  the  position  of  the 
survey  targets  fixed  to  the  magnet.  The  fldudalisation 
procedure  which  we  developed  involved  a  harmonic  ana¬ 
lyser  system  and  the  SLAC  Industrial  Measurement  Sys¬ 
tem.  After  fid  ucialii  avion  and  database  generation  had 
been  completed  for  over  1/3  of  the  elements,  and  after  the 
precision  installation  had  begun,  we  noticed  a  random  roll 
well  outside  the  tolerances.  The  roll  had  been  overlooked 
partially  because  the  harmonic  analyser  system  is  insen¬ 
sitive  to  rotations  about  the  coil  axis.  We  were  able  to 
overcome  the  problem  through  software  by  developing  an 
extensive  algorithm  and  regenerating  the  database  with¬ 
out  a  need  for  refiducialisation.  This  correction  process 
for  both  the  roll  and  the  pitch  will  be  presented. 

1  Introduction 

The  SHR  currently  under  commissioning  will  be  a  high 
intensity  pulse  stretcher  facility  providing  high  quality  cw 
electron  beams  with  energies  between  0.3  and  1.0  GeV.  It 
can  be  operated  in  storage  mode  for  internal  target  ex¬ 
periments  and  in  extraction  mode  for  more  conventional 
experiments.  A  detailed  description  of  the  ring  is  given  in 
ref.  [1] 

The  SHR  qnadrnpoies  follow  the  design  of  booster 
ring  qnndrupoles  for  the  Advanced  Light  Source  at  the 
Lawrence  Berkeley  Laboratory.  The  laminated  iron  yoke 
consists  of  two  identical  cores  joined  at  the  horisontal  mid- 
plane.  Mechanical  imperfections  in  these  cores  result  not 
only  in  non-circular  apertures  but  also  in  apertures  whose 
profile  is  a  function  of  position  along  the  magnet  axis. 

The  critical  tolerances  for  the  quad  positioning  are  the 
transverse  (XY  plane)  tolerances  of  0.1mm  element- to- 
element  and  a  rotational  roD  tolerance  of  0.1  deg  (1.7mr). 
Rotational  misalignment  of  quads  will  mix  the  X  and  Y 
components  of  the  field,  coupling  the  phase  space  in  the 
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Figure  1:  A  photograph  of  the  Harmonic  Analyser  table 
with  a  quad  mounted  for  magnetic  measurement  and  fidu- 
cialisation. 


two  planes.  The  specified  tolerance  should  assure  that  this 
coupling  is  less  than  10%  . 

During  the  initial  precision  survey  and  alignment  of  the 
quadrupoles  [2]  in  the  injection  line  area,  the  presence  of 
a  random  but  significant  roll  and  pitch  was  detected.  The 
problem  was  soon  traced  to  an  oversight  in  the  fiducialisa- 
tion  of  the  quads  and  usage  of  a  Harmonic  Analyser  system 
which  is  insensitive  to  small  rotations  (a  photograph  of  the 
table  with  a  quad  is  shown  in  Pig.  1).  In  this  report  we 
will  describe  the  issues  relevant  to  the  control  of  the  roll 
and  will  present  solutions  to  overcome  the  roll  problems  ns 
encountered. 

2  Fiducialization  and  Rotation 

A  detailed  description  of  the  fidueialisation  of  these 
quadrupoles  is  given  in  ref.  [3]  and  a  schematic  of  the 
setup  with  four  Kern  theodolite  locations  is  shown  in  Fig. 
2.  However,  a  brief  summary  of  it  is  given  here  with  an  em¬ 
phasis  on  the  rotation  issue.  An  integral  part  of  this  fidu- 
cialisation  system  was  a  Harmonic  Analyser  (HA)  which 
was  used  for  magnetically  measuring  the  quadrupoles  and 
is  briefly  described  in  ref.  [4].  It  consists  of  a  rotating 
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Figure  2:  Schematic  diagram  of  quad  ildueiali>ation 
setup. 

cylindrical  ceramic  bobbin  with  wire  coils  wound  on  it,  a 
moveable  support  table  holding  the  bobbin  and  survey  tar¬ 
gets,  and  five  micrometers  for  aligning  the  table  supporting 
the  bobbin  relative  to  the  quad.  The  quad  is  supported  by 
three  posts  mechanically  isolated  from  the  bobbin  support. 

To  position  the  magnet  on  the  HA  for  the  magnetic  mea¬ 
surements  and  fiducialisation  it  was  first  necessary  to  level 
the  magnet  using  the  three  support  posts.  A  precision  bub¬ 
ble  level  was  placed  on  a  heavy  steel  plate  (approximately 
30  cm  square)  resting  on  a  thin  foam  pad  which  “integrated 
out”  the  small  surface  irregularities  of  the  laminated  yoke. 
It  was  earlier  determined  that  the  top  surface  was  parallel 
to  the  mechanical  midplane  within  the  needed  tolerances. 
After  the  magnet  had  been  leveled,  the  bobbin  axis  was 
positioned  to  coincide  roughly  with  the  mechanical  axis 
of  the  quad.  An  alignment  shaft  with  custom  spacers  re¬ 
placed  the  bobbin  for  this  operation.  The  magnet  was  then 
energised  and  the  measured  dipole  component  was  nulled 
by  fine-tuning  the  position  of  the  bobbin,  being  careful  to 
adjust  the  positioning  micrometers  such  that  the  axis  was 
only  translated  and  not  rotated  about  any  axis. 

We  also  fiducialised  the  HA  table  relative  to  the  aris  of 
the  bobbin;  this  one-time  survey  measured  the  coordinates 
of  nil  1 1  survey  targets  affixed  to  the  table  relative  to  the 
nris  "f  I Itr  bobbin  as  described  in  ref.  [3].  These  measured 
coordinates  are  fixed  relative  to  the  gravity  vector  as  long 
as  the  HA  micrometers  are  left  alone  or  changed  for  only 
translational  movement  of  the  bobbin. 

The  quad  fiducialisation  was  done  with  the  SLAC  In¬ 
dustrial  Measurement  System  (SIMS)[5]  using  a  total  of 
four  theodolite  locations  viewing  the  11  targets  on  the  HA 
table,  the  quad  survey  targets  and  the  end  targets  on  a 
precision  invar  scale  bar.  A  bundle  adjustment  [6]  with 
the  coordinates  of  the  11  table  targets  (measured  in  the 
table  calibration)  as  input  produced  a  set  of  coordinates 
for  the  quad  targets  in  the  bobbin  coordinate  system.  As 
described  above,  the  bobbin  axis  is  adjusted  to  coincide 


Rotation  (milliradUns) 

Figure  3:  Statistical  results  of  Roll  and  pitch  of  the  HA 
table  and  the  quads  in  the  database. 

with  the  magnetic  axis  of  the  quad. 

An  oversight  occurred  during  the  rough  mechanical 
alignment  of  the  bobbin  in  which  random  table  rotations 
well  outside  the  tolerances  were  introduced.  This  occurred 
in  the  process  of  making  the  custom  spacers  fit  into  the 
quadrupole  aperture  by  randomly  changing  the  microme¬ 
ters.  Since  the  HA  with  a  long  bobbin  extending  well  out¬ 
side  the  fringe  field  regions  is  insensitive  to  roll  or  a  small 
amount  of  pitch,  the  subsequent  magnetic  measurement 
and  dipole  minimisation  could  not  detect  the  rotation  of 
the  HA  table  relative  to  gravity  and  the  quad. 

The  oversight  was  discovered  after  about  1/3  of  the 
quads  were  measured  and  installation  began.  All  quads 
were  installed  at  the  proper  survey  target  heights,  but 
for  some,  the  precision  bubble  level  reported  significant 
amount  of  pitch  and/or  roll.  These  random  rotations  were 
as  large  as  10  mr,  well  outside  the  rotational  tolerances. 
Figure  3  presents  a  statistical  analysis  of  the  roll  and  pitch 
for  nearly  all  128  quadrupoles;  the  roll  is  typically  larger 
than  the  pitch.  We  were  able  to  correct  these  undesirable 
rotations  by  correcting  our  database  without  any  need  for 
refiducialisation.  This  was  possible,  primarily  because  di¬ 
rection  of  the  gravity  was  implicitly  defined  by  the  vertical 
angles  of  the  theodolites  which  were  recorded  in  each  fidit- 
cialization  file. 

3  Control  of  Roll  and  Pitch 

After  the  source  of  the  rotation  problem  was  detected  we 
added  a  procedure  for  ensuring  that  during  each  quad  mea¬ 
surement,  the  HA  table  orientation  relative  to  the  gravity 
vector  was  the  same  as  it  was  during  the  one-time  table 
fiducialisation.  We  reconstructed  this  orientation  by  mak¬ 
ing  the  relative  differences  between  the  vertical  coordinate 
of  the  table  targets  exactly  the  same  as  they  were  in  the 
calibration  file.  We  then  installed  a  ground  plate  with 
three  point  contact  on  a  fiat  region  of  the  table,  leveled 
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Figure  4:  Roll  of  the  IiA  table  as  a  function  of  time  of 
quad  fiducialiaations  between  1990  and  1992. 

the  plate  with  a  precision  level  and  permanently  attached 
it  to  the  table.  Prior  to  each  quad  fiducialisation,  the  plate 
was  leveled  with  a  precision  level,  thus  ensuring  the  correct 
orientation  of  the  table.  However,  there  always  were  some 
residual  rotations  which  were  corrected  in  the  software. 

When  the  surveying  part  of  the  fiducialisation  of  a  quad 
was  completed,  the  coordinates  of  the  quad  survey  targets 
were  determined  in  the  table  coordinate  system  by  using 
the  survey  data  and  by  keeping  the  calibration  coordinates 
of  the  1 1  table  targets  (control  coordinates)  fixed;  this  step 
assumes  that  the  table  orientation  stayed  unchanged  since 
the  calibration.  Since  the  quads  were  leveled  during  the 
survey,  any  residual  rotation  of  the  table  introduced  during 
the  mechanical  alignment  manifested  itself  as  a  rotation  of 
the  quad  in  the  opposite  direction.  Denote  the  coordi¬ 
nates  of  the  ith  survey  target  on  the  quad  in  the  table 
“object”  coordinate  system  as  Xa  =  (xj,,  j fn,  z'a)  and  the 
amount  of  rotation  as  R(oll)  and  P(itch).  In  order  to  de¬ 
termine  the  true  orientation  of  the  table,  we  performed  a 
bundle  adjustment  in  the  “local”  coordinate  system  of  the 
control  theodolite  and  calculated  a  set  of  coordinates  for 
each  quad  survey  target  denoted  as  X\  =  (xj,  yf,  zf).  Using 
a  9-parameter  coordinate  transformation  from  SLAC  be¬ 
tween  these  two  sets  of  coordinate  systems  we  calculated 
the  transformation  matrix  including  R  and  P  angles.  The 
rotation  angles  always  were  determined  with  no  ambigu¬ 
ity  to  better  than  0.01  degrees.  Figure  4.  shows  a  history 
profile  of  the  the  table  rotation  during  the  period  between 
1990  to  1992. 

The  correct  coordinates  of  the  quad  targets  in  the  quad 
system  Xr„  were  then  calculated  by  a  rotation  matrix 
T  =[R][P]  with  [R]  and  [P]  the  normal  3x3  rotation  ma¬ 
trices: 

xra  =  rx„ 


(cos  P  0  sin  P  \ 

H  sin  R  sin  P  cos  R  —  sin  R  cos  P  J 
—  cos  R  sin  P  sin  R  cos  R  cos  P  J 

The  process  was  automated  by  a  Fortran  code  which 
manipulated  the  coordinate  database  and  performed  all 
the  transformations. 

4  Commissioning  Results 

The  SHR  is  undergoing  its  completion  and  commissioning 
phase.  In  March  of  this  year  and  on  the  first  day  of  com¬ 
missioning  of  the  ring  lattice,  electron  beams  were  stored 
for  as  long  as  20  ms  which  corresponds  to  over  30,000  turns 
before  it  was  lost  due  to  synchrotron  radiation  loss  with 
no  RF  cavity  in  the  ring.  With  one  turn  injection,  beam 
currents  as  high  as  40  m A  were  stored  later,  meeting  the 
design  goal  for  1-turn  injection. 

5  Conclusions 

We  have  developed  and  executed  a  comprehensive  survey 
and  alignment  program  for  controlling  the  roll  and  pitch  of 
the  SHR  quadrupoles.  The  residual  rotations  were  nulled 
by  correcting  the  coordinate  database,  which  was  based 
on  a  fiducialisation  of  individual  quads  using  a  harmonic 
analyser  table  insensitive  to  small  rotations.  The  database 
correction  process  was  automated  and  the  alignment  of  all 
94  SHR  quads  has  been  completed  to  ~  ±0.25mm.  The 
initial  commissioning  of  the  beam  verified  the  success  of 
the  handling  of  the  roll. 
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Abstract 

The  South  Hall  Ring  (SHR)  is  a  pulse  storage/stretcher 
ring  with  a  circumference  of  100m  .  The  complex  con¬ 
tains  over  200  magnetic  elements,  most  of  which  must 
be  positioned  to  tight  tolerances  to  achieve  efficient  in¬ 
jection  and  extraction  and  to  obtain  storage  times  of  sev¬ 
eral  seconds  for  internal  targets.  In  particular,  the  lattice 
quadrupoles  have  transverse  position  tolerances  of  ±100 
microns  magnet-to-magnet,  and  the  circumference  has  a 
tolerance  of  15mm.  For  the  survey  and  alignment  of  the 
ring,  we  have  used  automated  data  capture,  data  flow  and 
database  generation.  Alignment  of  all  magnets  to  approx¬ 
imately  ±1/4  mm  has  been  completed.  The  final  survey 
followed  by  a  smoothing  of  the  lattice  will  begin  soon.  The 
present  status  and  issues  of  the  survey  and  alignment  pro¬ 
gram  will  be  presented,  along  with  the  latest  alignment 
aspects  of  the  beam  test  results. 

1  Introduction 

The  SHR,  currently  under  commissioning,  will  be  a  high 
intensity  pulse  stretcher  facility  providing  high  quality  cw 
electron  beams  with  energies  between  0.3  and  1.0  GeV.  It 
can  be  operated  in  storage  mode  for  internal  target  ex¬ 
periments  and  in  extraction  mode  for  more  conventional 
experiments.  A  detailed  description  of  the  ring  is  given  in 
ref.  [1]  .  A  plan  view  of  the  ring  is  shown  in  Fig.  1  and  a 
list  of  positioning  tolerances  is  given  in  Table  1. 

The  design  requirements  of  high  quality  storage  rings 
demand  tight  tolerances  on  the  positioning  of  the  adjacent 
magnets  as  well  as  on  the  overall  circumference  of  the  ring. 
To  accomplish  this  task  two  options  were  available:  con¬ 
ventional  optical  tooling  and  a  triangulation  system  using 
a  database.  We  adopted  triangulntion  heavily  relying  on  a 
database,  software  and  automated  data  capture  and  data 
flow  with  an  emphasis  on  redundancy.  Our  primarv  source 
for  software  and  consulting  has  been  the  SLAC  alignment 
group.  The  survey  and  alignment  of  the  SHR  is  based  on 
a  network  of  floor  monuments  to  which  all  the  components 
are  referenced.  For  data  processing,  storage  and  communi- 
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Figure  1:  South  Ilall  Ring  Complex. 


cation  we  used  a  customised  version  of  PC-GEONET  [2] 
from  SLAC. 

The  main  sources  of  errors  in  achieving  these  design 
goals  are  network  errors,  fiducialisation,  final  survey  and 
smoothing. 

Table  I 


SHR  Alignment  Tolerances 


Element 

Quantity 

Tolerance 
X/Y  |  Roll 

mm 

mr 

Quads 

128 

0.1 

2.0 

Ring  Dipoles 

16 

0.5 

0.7 

Dipoles 

18 

0.5 

2.0 

Sex  tu  poles 

32 

0.2 

2.0 

Octu  poles 

2 

0.2 

2.0 

Septa 

4 

0.1 

2.0 

Kickers 

2 

0.3 

2.0 

2  Adjustment  Systems  and  Sur¬ 
vey  Instruments 

Whenever  possible,  three  point  supports  were  used  for  all 
components  and  their  stands.  For  adjustment,  we  adopied 
the  LBL  6-strut  system  for  all  but  the  heavier  dipoles, 
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which  used  three  struts  and  three  jacks.  The  16  main 
benders  have  their  own  built-in  adjustment  and  elevation 
system.  The  strut  system  provided  essentially  independent 
adjustments  in  X,  Y  and  Z  except  for  the  short  sextupoles, 
for  which  some  coupling  was  evident. Motions  of  more  than 
~  5  mm  were  provided  by  coarse  adjustment  systems  con¬ 
sisting  of  machined  stainless  steel  plates  and  push  screws. 

Our  survey  equipment  included  two  Kern  electronic 
theodolites  (B2  and  E21),  a  Wild  NL  optical  plummet, 
a  Wild  N3  optical  level  with  10  mm  micrometer,  a  cal¬ 
ibrated  invar  scale  kit,  a  2m  elevation  rod,  two  HP  1 10 
laptops,  a  portable  and  a  stationary  386  PC.  For  centering 
systems,  we  used  SLAC  type  aluminum  tripods,  three  sets 
of  the  CERN  forced  centering  system,  and  SLAC  adaptors 
for  merging  Kern  plates  and  the  CERN  system.  SLAC- 
style  slanted  targets  with  K&E  bullseye  targets  were  used 
throughout.  During  the  initial  survey  of  the  geodetic  net¬ 
work,  we  used  an  ME5000  distance  meter  (on  loan)  from 
CEBAF. 


3  SHR  Geodetic  Network  System 

For  the  SHR  we  have  chosen  to  separate  the  horisontal 
coordinates  (X,Z)  from  the  vertical  (Y)  direction.  The 
horisontal  locations  of  all  position-sensitive  elements  were 
referenced  to  a  global  SHR  coordinate  system.  The  origin 
of  this  geodetic  system  as  shown  in  Fig.  1  is  at  the  intersec¬ 
tion  of  the  west  straight  and  north  straight  sections.  The 
transverse  network  consisted  of  over  80  floor  monuments 
which  provided  sufficient  observation  points  to  overcome 
sight  line  obstructions  caused  by  the  large  benders.  The 
network  was  surveyed  in  the  Fall  of  1990  one  year  after 
the  completion  of  the  conventional  construction  and  be¬ 
fore  any  floor  occupancy.  The  survey  was  accomplished 
with  an  ME5000  and  two  theodolites  and  with  help  from 
SLAC  and  CEBAF.  An  optimum  measurement  plan  was 
developed  using  the  GEONET  simulation  facility.  A  sub¬ 
sequent  measurement  of  a  subset  of  these  floor  monuments 
and  some  fiducials  from  the  existing  beam  line  was  neces¬ 
sary  for  relating  the  orientation  of  the  SHR  network  to 
the  rest  of  the  complex.  Fig.  2  shows  the  monuments 
and  their  absolute  error  ellipses;  error  propagation  caused 
the  enlargement  of  ellipses  further  away  from  the  origin. 
The  relative  errors  arc  smaller  than  the  absolute  errors  and 
have  a  more  uniform  size  than  the  absolute  ones  shown. 

A  smaller  geodetic  network  of  floor  monuments  was  in¬ 
stalled  for  alignment  of  the  Energy  Compression  System 
(ECS)  dipoles  and  quads  at  the  end  of  the  linne  .  This 
network  was  surveyed  using  the  SLAC  Industrial  Measure¬ 
ment  System  (SIMS)  [3j,  a  PC-based  bundle  adjustment 
[4]  and  triangulation  system  integrated  with  multiple  elec¬ 
tronic  theodolites. 

The  SHR  and  ECS  also  have  a  network  of  elevation  mon¬ 
uments  for  vertical  references.  This  network  was  period¬ 
ically  resurveyed  for  seasonal  changes  in  the  floor  eleva¬ 
tion.  We  have  noticed  seasonal  elevation  changes  of  up  to 


Figure  2:  Absolute  error  ellipses  for  the  SHR  geodetic  net¬ 
work. 

0.8mm  over  a  ~  60m  long  distance  in  a  six  month  period, 
well  within  the  tolerances  required  by  relative  positioning. 

4  Fiducialization 

The  magnetic/mechanical  axes  of  each  element  were  re¬ 
lated  to  several  fixed  fiducial  targets  on  the  element  as 
follows.  Survey  targets  were  inserted  into  drill  bushings 
coarsely  positioned  on  the  top  surface  of  the  element  and 
their  positions  were  precisely  measured  using  SIMS  as  de¬ 
scribed  in  ref.  [5]  and  |6],  For  the  dipoles,  fixtures  were 
used  to  precisely  position  targets  in  the  midplanes  and 
on  the  design  orbit.  The  coordinates  of  magnet  targets, 
fixture  targets,  invar  rod  targets  and  some  auxiliary  tar¬ 
gets  were  measured  in  the  coordinate  system  of  one  of  the 
theodolites  positioned  close  to  the  center  of  the  magnet. 
A  coordinate  transformation  from  the  theodolite  system 
to  the  element  system  completed  the  fiducialization.  Nor¬ 
mally,  the  transverse  positions  of  survey  targets  were  de¬ 
termined  to  better  than  50  pm. 

5  Database  and  “Ideal  Coordi¬ 
nates” 

The  design  position  of  the  magnetic  axes  of  each  element 
in  the  SHR  global  coordinate  system  was  specified  by 
TRANSPORT  optics  codes  and  the  output  files  were  trans¬ 
ferred  to  the  PC-GEONET.  Because  the  fiducialization 
files  contain  the  relation  between  the  coordinates  of  the 
fixed  survey  targets  and  the  magnetic  axes,  combining  the 
two  output  files  with  proper  rotation  of  the  fiducialization 
data  determined  the  ideal  location  of  each  survey  target 
in  the  global  SHR  system.  These  “ideal  coordinates’  were 
actually  calculated  using  customized  Fortran  codes  which 
also  included  corrections  for  dipoles  whose  measured  effec¬ 
tive  field  length  was  different  than  the  nominal  value  used 
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in  the  TRANSPORT  calculations.  The  ideal  coordinates 
were  integrated  into  the  database  for  use  with  various  sur¬ 
vey  and  alignment  software  systems. 

6  Alignment  Using  Intersection 

For  alignment  of  ring  elements  to  an  accuracy  of  ~  1  /'1mm 
we  used  triangulation  based  on  intersection  of  sightlines 
from  two  theodolites.  This  was  facilitated  by  an  interactive 
software  package  (CLASH)  [7]  which  provided  communica¬ 
tion  between  two  theodolites  and  a  laptop  loaded  with  the 
ideal  coordinates  of  the  survey  targets  and  the  monuments. 
The  accuracy  achieved  with  CLASH  is  strongly  geometry 
dependent.  After  a  magnet  was  positioned  to  within  a  few 
centimeters  of  its  ideal  location  using  conventional  meth¬ 
ods,  it  was  precisely  leveled  using  an  optical  level  and  the 
CLASH  database.  For  horisontal  positioning,  two  theodo¬ 
lites  were  positioned  precisely  over  two  monuments  at  op¬ 
timum  locations  near  the  element,  and  CLASH  calculated 
the  direction  of  theodolites  pointing  at  the  ideal  target. 
The  theodolites  were  set  to  those  directions  and  the  mag¬ 
net  was  moved  until  the  target  was  at  the  intersection  of 
the  two  lines  of  sight.  At  the  end  of  this  iterative  process 
involving  several  targets,  all  survey  targets  were  within 
±l/4mm  of  their  ideal  positions. 

7  Final  Survey  and  Smoothing 

The  remaining  tasks  are  the  final  survey  of  every  element 
and  the  ensuing  smoothing  of  the  beam  trajectory. 

Final  Survey-  Plans  are  underway  for  a  complete  pre¬ 
cision  survey  of  the  SHR  elements  with  SIMS,  simultane¬ 
ously  determining  both  horisontal  and  vertical  coordinates 
of  all  survey  targets.  The  survey  includes  both  the  network 
monuments  and  the  survey  targets  on  the  individual  com¬ 
ponents.  Overlapping  regions  will  Le  surveyed  in  adjacent 
sections  ensuring  continuity  and  redundancy.  The  bundle 
adjustment  will  be  done  by  keeping  the  nominal  coordi¬ 
nates  of  two  endpoint  survey  targets  in  a  region  fixed  and 
letting  the  monument  coordinates  vary.  If  the  fixed  points 
are  not  at  their  ideal  positions,  this  method  can  cause  a 
small  wrinkle  in  the  beam  line,  but  relative  coordinate  de¬ 
terminations  of  adjacent  elements  will  be  ensured. 
Smoothing-  The  coordinates  of  each  element  determined 
in  the  bundle  adjustment  will  be  used  for  determining  the 
positional  adjustment  necessary  for  creating  a  “smooth” 
beam  trajectory.  We  have  customized  the  SLAC  smooth¬ 
ing  software  [8]  which  is  based  on  a  Principle  Curves  and 
Surfaces  algorithm  [9];  this  will  allow  a  minimization  of 
the  number  and  the  amount  of  movements  while  satis¬ 
fying  the  ±  100pm  element-to-element  tolerances  for  the 
quadrupoles.  All  necessary  software  has  been  written  and 
survey  work  will  begin  later  this  year.  The  movements  will 
then  be  made  and  monitored  with  three  sets  of  digital  dial 
gages  registering  three  tooling  balls  on  each  magnet. 


8  Commissioning  Results 

In  March  of  this  year  on  the  first  day  of  commissioning  of 
the  ring  lattice,  electron  beams  were  stored  for  as  long  as 
20  ms  corresponding  to  over  30,000  turns,  before  they  were 
lost  due  to  synchrotron  radiation  with  no  RF  cavity  in  the 
ring. 

9  Conclusions 

We  have  developed  and  executed  a  comprehensive  survey 
and  alignment  plan  for  the  SHR  by  adopting  computer 
based  geodetic  systems.  The  quality  of  our  alignment  work 
has  been  tested  in  an  ongoing  commissioning  of  the  ring  by 
successfully  storing  beams  without  any  need  for  reposition¬ 
ing  a  single  element  or  excessive  steering.  The  final  survey 
and  smoothing  plans  have  been  finalised  and  will  begin 
soon.  Considering  all  sources  of  errors  in  our  survey  and 
alignment  procedure,  we  are  aiming  for  overall  relative  po¬ 
sitional  uncertainties  of  ±0.1 5mm  for  the  quads.  The  au¬ 
thors  would  like  to  thank  the  SLAC  alignment  group,  par¬ 
ticularly  Horst  Friedsam,  now  at  the  Argonne  Advanced 
Photon  Source. 
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Abstract 

The  South  Hall  Ring  (SHR)  lattice  usee  sixteen  large 
dipoles  originally  designed  for  the  Princeton-Pennsylvania 
Accelerator.  These  3.6m  long,  30  ton  dipoles  have  bend 
radii  of  over  9  meters  and  gaps  of  only  7.6cm.  The  require¬ 
ment  that  the  four  dipoles  be  powered  in  series,  as  well 
as  other  restrictions,  resulted  in  magnetic  and  mechanical 
alignment  tolerances  which  are  very  demanding  for  mag¬ 
nets  of  this  sise  and  shape.  Two  independent  methods  were 
used  for  measurement  of  the  field  integral  along  the  design 
orbit.  Field  integrals  were  measured  on  all  dipoles  using 
a  long  coil  excited  by  ramping  the  field.  On  four  dipoles, 
the  integrals  were  also  measured  using  Hall  probes  moving 
along  the  design  orbit.  The  techniques  and  results  will  be 
presented.  The  fidnrialisation  of  these  dipoles  was  accom¬ 
plished  using  precision-machined  fixtures  and  the  SLAC 
computer-aided  Industrial  Measurement  System.  Position 
corrections  due  to  different  measured  effective  lengths  of 
these  magnets  will  be  discussed,  and  details  of  fiducializa¬ 
tion  and  alignment  will  be  presented. 

1  Introduction 

The  190  meter  circumference  SHR,  currently  under  com¬ 
missioning,  will  be  a  high  intensity  pulse  stretcher  facility 
providing  high  quality  cw  electron  beams  with  energies  be¬ 
tween  0.3  and  1.0  GeV.  It  can  be  operated  in  storage  mode 
for  internal  target  experiments  and  in  extraction  mode  for 
more  conventional  experiments.  A  detailed  description  of 
the  ring  is  given  in  [I], 

The  360  degrees  of  bend  in  the  ring  are  provided  by  16 
C-proflle  laminated  dipole  magnets,  each  3.6m  long  with  a 
7.6cm  gap  and  a  nominal  n  value  of  1  /2;  one  such  magnet 
is  shown  in  figure  1.  The  yoke  of  each  magnet  consists 
of  c-shaped  laminates  of  high  p  steel  with  the  pole  tip 
field  defined  by  crenelated  laminated  pole  blocks  each  2 
inches  wide.  The  gap  is  determined  by  a  vertical  spacer 
plate  separating  the  upper  and  lower  pole  pieces;  the  upper 
pole  pieces  are  forced  onto  the  spacer  plate  by  pressurized 
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Figure  1:  One  SHR  dipole. 


hoses.  A  ±2.2mr  relative  pole  tip  inclination  produces  an 
n  =  1/2  magnet.  The  pole  blocks  introduce  some  small 
gap  variations  along  the  length  of  the  magnet  resulting  in 
field  variations  of  ±0.07%  from  block  to  block.  The  design 
requirements  and  magnetic  tolerances  for  these  dipoles  are 
summarized  in-  Table  I. 

Table  I 


Magnetic  Tolerances 


Quantity 

Value 

Tolerance 

Effective  length 

3.591m 

1mm 

Gap 

7.6cm 

0.75mm 

Bend  angle 

22.5deg 

O.lmr 

Eff.  Field  Boundary 

- 

1mm 

Field  settability 

- 

10— '* 

Field  stability 

long  term 

io- 1 

Field  stability 

short  term 

10-5 

The  tolerance  on  the  effective  field  length  is  very  tight 
because  the  beam  passes  through  these  dipoles  many  times 
and  the  effective  field  length  enters  the  overall  circumfer¬ 
ence  of  the  ring  which  has  a  tolerance  of  5mm.  Each  of 
these  dipoles  has  been  magnetically  measured,  fiducialized 
and  aligned. 
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2  Magnetic  Measurements 

After  extensive  itvdin  two  measurement  techniques  were 
developed:  stepping  i  II nil  probe  along  the  design  orbit  to 
produce  a  field  map,  and  measuring  the  EMF  induced  by 
a  ramped  Add  in  a  coil  centered  about  the  design  orbit. 
Two-dimensional  field  maps  with  the  XZ  table  provided 
the  J  B  -  dl  along  the  beam  trajectory,  n  value,  and  an  in¬ 
dication  of  field  variations  in  the  uniform  region.  The  long 
coil  measurement  determined  the  effective  length  along  the 
nominal  beam  path. 

2.1  XZ  Ifeble  Measurement 

A  two-dimensional  mapping  table  (on  loan  from  NIST) 
was  developed  for  field  measurements  using  temperature- 
compensated  Hall  probes  at  predetermined  points  on  a 
plane  [8].  Two  axes  of  motion  of  the  table  are  instrumented 
and  controlled  by  computer  via  CAMAC;  the  vertical  axis 
is  controlled  manually  by  a  micrometer  stage. 

The  dipoles  are  so  long  that  the  table  had  to  be  placed 
at  each  end  of  the  magnet.  Field  maps  were  made  using  a 
long  arm  holding  two  Hall  probes  separated  by  84cm,  and 
a  complete  map  of  a  dipole  required  joining  the  four  mea¬ 
surements  from  the  two  Hall  probes  from  each  end  of  the 
magnet.  This  required  a  good  cycling  procedure  for  the 
magnet,  a  stable  power  supply,  and  an  overlap  in  mapping 
points  of  the  two  probes.  The  XZ  table  origin  was  related 
to  a  reference  point  in  the  magnet;  we  chose  the  inter¬ 
section  of  the  design  orbit  with  a  line  parallel  to  the  first 
lamination  in  the  end  pole  block.  This  point  was  optically 
referenced  using  a  precision  machined  fixture  holding  a  sur¬ 
vey  target.  The  same  fixture  was  used  in  the  fiducialisation 
of  the  magnet.  The  transverse  origin  was  determined  using 
a  magnetic  blade  attached  to  an  aluminum  block  of  precise 
length  with  its  end  registered  against  the  inner  land  of  the 
upper  pole  tip.  Radial  field  maps  confirmed  the  design  n 
value  of  1/2;  the  higher  multipoles  were  consistent  with 
sero  in  the  uniform  field  region  and  had  high  values  near 
the  pole  faces  at  each  end  of  the  magnet. 

2.2  Long  Coil  Measurements 

All  18  dipoles  were  magnetically  measured  using  the  long 
coil.  The  long  coil  consists  of  an  arc-shaped  aluminum 
plate  with  an  arc  length  equal  to  the  physical  length  of 
the  magnet  arc  plus  10  gaps,  with  grooves  for  the  closed 
loop  signal  wires.  When  installed  in  the  magnet  for  mea¬ 
surement,  the  long  coil  form  positioned  a  flat  coil  of  wid'*’ 
2.055  ±  0.004  inches  on  the  midplane,  centered  about  the 
design  orbit.  As  the  current  was  ramped  from  0  to  a  set 
point  (or  from  a  set  point'to  0),  an  EMF  was  induced  in 
the  coil;  magnetic  flux  or  the  time  integral  of  the  induced 
voltage  ♦  =  J  Vdt  is  proportional  to  the  area  of  the  coil 
and  the  change  in  the  field, 

f  ["="! 

V  dt=  A-dB  =  W  •  Lr/j  •  (Bj  -  Bf) 

J  //»=»( 
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Figure  2:  Effective  field  length  for  each  dipole  (solid  points 
are  XZ  results,  open  points  are  Long  Coil  results). 

where  W  is  the  average  width  of  the  coil  and  Lrjj  is  the 
effective  magnetic  length  of  the  magnet.  The  6  turns  of 
wire  in  the  coil  produced  a  5  mV  signal  for  a  6  Amp/sec 
ramp.  The  field  on  the  design  orbit  was  measured  at  one 
location  by  two  NMR  probes  inserted  in  a  machined  slot  in 
the  form.  Prior  to  each  measurement,  the  Dymec  2401-A 
Integrating  Digital  Voltmeter  was  calibrated. 

The  largest  uncertainty  in  determining  the  effective 
length  was  the  uncertainty  in  the  average  width  of  the  coil, 
resulting  from  variations  in  the  placement  of  the  wires  in 
the  grooves. 


2.3  Results  and  Comparison  of  the  Two 
Methods 

The  XZ  maps  were  more  time  consuming  than  the  long  coil 
measurements  and  required  complicated  off-line  analysis 
for  deriving  the  integrated  field.  The  XZ  map  was  used 
for  absolute  measurements  while  the  long  coil,  due  to  the 
uncertainty  in  the  absolute  value  of  the  coil  width,  was 
used  for  relative  measurements  of  the  magnets.  Figure  2 
shows  Lrj /  for  all  16  dipoles  for  both  techniques. 

The  absolute  value  of  the  field  integral  was  measured 
with  the  XZ  table  loRv  |fi  '  l»  |  -  |ir:‘ depending  primar¬ 
ily  on  the  Hall  probe  scale  used  (in  other  words,  depending 
on  the  magnet  current)  and  I  he  nltsobite  value  of  the  ef¬ 
fective  length  was  measured  to  3  x  10'  '.  Field  integrals 
were  measured  at  4  currents  corresponding  to  a  range  of 
beam  energies  between  0.3  and  1.1  GeV.  The  absolute  and 
relative  uncertainties  in  the  long  coil  measurements  of  the 
effective  length  are  8x  10"  1  and  3x  10”  '.  A  polynomial  fit 
to  the  NMR  probe  field  as  a  function  of  magnet  current  for 
the  long  coil  data  sets  produced  coefficients  which  are  used 
by  the  SHR  control  system  to  set  the  magnets  for  a  given 
beam  energy;  the  control  system  also  takes  into  account 
the  varying  bend  radii  p  =  Lrjj/( x/8)  of  the  magnets. 
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3  Fiduci&luation 

In  the  fiducialisation  process,  the  magnetic  and  mechani¬ 
cal  axes  of  each  magnet  were  related  to  five  fixed  fiducial 
targets  on  top  of  the  magnet.  Precision  fixtures  holding 
survey  targets  on  the  midplane  were  positioned  on  the  pole 
tip  at  the  edge  of  last  lamination  block  at  either  end  of  the 
magnet  such  that  one  of  the  targets  in  each  fixture  was  on 
the  design  orbit.  We  defined  the  midpoint  between  these 
two  targets  as  the  magnet  origin. 

For  fidncialising  all  SHR  magnets  we  used  the  SLAC  In¬ 
dustrial  Measurement  System  (SIMS)  [2],  with  two  Kern 
electronic  theodolites.  With  the  help  of  simulation  soft¬ 
ware,  six  theodolite  locations  surrounding  a  dipole  were 
chosen  to  achieve  maximum  sensitivity  to  both  vertical 
and  transverse  locations  of  the  survey  targets  on  the  mag¬ 
net  and  on  the  design  orbit. 

The  SIMS  bundle  adjustment  software  [3]  generated  the 
coordinates  of  magnet  targets,  fixture  targets,  targets  on 
either  end  of  a  calibrated  invar  rod  [4],  and  some  auxiliary 
targets  with  respect  to  the  coordinate  system  of  one  of  the 
theodolites  positioned  dose  to  the  center  of  the  magnet. 
A  coordinate  transformation  from  the  theodolite  system 
to  the  origin  of  the  magnet  was  performed  using  software 
from  the  SLAC  Alignment  Group.  The  coordinates  of  the 
five  fixed  targets  were  stored  for  the  next  step,  alignment. 

The  magnet  origin  found  in  the  fiducialisation  procedure 
must  be  adjusted  to  account  for  the  different  measured  ef¬ 
fective  lengths  of  the  magnets.  Bach  magnet  must  be  po¬ 
sitioned  such  that  an  electron  of  the  proper  energy  is  bent 
by  22.5°  and  its  path  intercepts  the  fiducialisation  targets 
on  the  design  orbit.  Thus,  a  suitable  axis  for  these  dipoles 
is  a  line  connecting  the  effective  field  boundaries  of  the 
magnets  which  are  by  requirement  on  an  arc  of  subtended 
angle  J .  A  transverse  shift  of  this  axis  is  necessary  because 
the  effective  field  boundary  is  further  outside  the  magnet 
than  the  design  value. 

4  Alignment 

For  the  SHR  survey  and  alignment  [6],  we  adapted  a 
computer-assisted  database  survey  and  alignment  system 
from  SLAC  [7]  which  provided  sufficient  redundancy  and 
error  analysis  did  not  require  extensive  experience  with 
optical  tooling  techniques.  The  main  steps  are: 

1.  Survey  of  the  network  of  SIIR  floor  monuments, 

2.  Calculation  of  ideal  coordinates  of  magnet  survey  tar¬ 
gets. 

3.  Integration  of  1)  and  2)  into  a  database,  and 

4.  Alignment  of  magnets  using  the  database  and  inter¬ 
secting  sight  lines  of  electronic  theodolites. 

The  SHR  has  a  network  of  over  80  floor  monuments 
whose  locations  in  the  ring  coordinate  system  are  part  of 
the  database.  The  ideal  coordinates  of  survey  targets  on 


a  magnet  in  the  ring  coordinate  system  are  achieved  by 
merging  the  TRANSPORT  output  of  magnet  location  and 
the  result  of  the  fiducialisation.  A  magnet  was  positioned 
to  within  a  few  centimeters  of  its  ideal  location  using  con¬ 
ventional  methods,  then  precisely  aligned  using  the  monu¬ 
ments  and  the  database.  A  Wild  NS  optical  level,  2m  sur¬ 
vey  rod  and  a  network  of  elevation  rivets  were  used  to  level 
and  set  the  magnet  at  its  ideal  height.  With  two  theodo¬ 
lites  positioned  precisely  on  monuments  at  optimum  loca¬ 
tions  near  a  dipole,  the  CLASH  interactive  software  from 
SLAC  [5]  calculated  the  direction  to  point  the  theodolites 
for  each  target.  In  an  iterative  process,  the  theodolites 
were  set  to  the  direction  for  each  target,  and  the  magnet 
moved  until  that  target  was  at  the  intersection  of  the  two 
lines  of  sight;  then  the  height  of  the  magnet  was  corrected. 
In  the  end,  ell  five  targets  were  within  l/4mm  of  their  ideal 
positions. 

5  Conclusions 

We  have  developed  and  executed  procedures  for  precision 
magnetic  measurements  and  survey  and  alignment  of  16 
very  large  dipoles  for  the  SHR.  The  results  of  the  magnetic 
measurements  have  been  implemented  in  the  ring  control 
system.  The  success  of  the  measurements  and  the  align¬ 
ments  was  confirmed  by  a  successful  storage  of  the  beam 
on  the  first  day  of  commissioning,  for  a  time  limited  only 
by  energy  losses  due  to  synchrotron  radiation,  as  the  cw 
RF  cavity  was  not  installed. 
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Abstract 

The  mechanical  and  magnetic  alignment  of  the  first  eight 
induction-cell,  solenoid  magnets  of  die  Integrated  Test  Stand 
(ITS)  for  the  Dual-Axis  Radiographic  Hydrodynamic  Test 
(DARHT)  facility  were  measured  by  observing  the  deflection 
of  a  fine,  taut  wire  carrying  a  pulsed  current  To  achieve  the 
required  alignment  (less  than  0.25  mm  offset  and  less  than  5 
mrad  tilt),  the  magnet  design  uses  quadmfilar  windings  and 
iron  field-smooching  rings.  After  detailed  measurements  of 
each  solenoid  magnet,  the  cells  are  assembled  and  then 
mechanically  aligned  using  a  laser  and  an  alignment  target 
moved  along  the  cell  centerline.  After  the  cells  are  in  final 
position,  the  pulsed  wire  method  is  used  to  verify  the 
magnetic  alignment.  The  measurements  show  an  average 
offset  of  die  magnetic  axes  from  the  mechanical  axis  of  0.15 
mm,  with  a  maximum  offset  of  0.3  mm.  The  average  tilt  of 
the  magnetic  axes  was  0.7  mrad  with  a  maximum  tilt  of  1.4 
mrad.  Hits  are  corrected  to  less  dun  0.3  mrad,  using  dipole 
trim  magnets  assembled  into  each  cell.  Correction  is  limited 
by  power  supply  resolution  and  by  background  noise. 

I.  INTRODUCTION 

The  Los  Alamos  ITS  electron  beam  accelenuor  is  a 
prototype  of  die  DARHT  facility  and  consists  of  a  4-MV 
injector  and  eight  250-kV  linear  induction  cells.  Each 
induction  cell  contains  a  solenoidal  focusing  magnet  and  x- 
and  y -dipole  steering  magnets.  A  cross-sectional  view  of  the 
induction  cell  is  shown  in  Fig.  1.  Special  care  was  taken  in 
the  cell  design  to  control  mechanical  tolerances  so  that  good 
mechanical  alignment  could  be  achieved.  The  magnets  are 
referenced  with  respect  to  the  beam  tube,  so  a  good 
mechanical  alignment  should  result  in  a  good  magnetic 
alignment.  The  "whanirat  specification  is  for  the  offsets  of 
the  individual  cells  to  be  0.25  mm  or  less  and  for  the  tilts  to 
be  5  mrad  or  less. 

The  magnet  windings  are  quadrufilar  to  reduce  field 
errors  produced  by  winding  errors  and  current  feeds.  Between 
the  magnets  and  foe  beam  tube  are  six  axially  distributed,  iron 
homogenizer  rings  to  further  reduce  field  errors  caused  by 
winding  errors.1-2 

The  cells  are  first  assembled  and  mechanically  aligned 
in  blocks  of  four  in  an  alignment  fixture.  The  procedure  uses 
a  HeNe  laser  measurement  system  and  a  cart  fou  travels  along 
foe  bore  of  foe  induction  cells  carrying  an  alignment  target. 
After  the  initial  alignment  and  assembly,  two  Mocks  of  four 
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Figure  1.  Cross-section  of  ITS  Induction  Cell. 

cells  are  moved  to  their  final  location  and  aligned  with  respect 
to  the  injector  cathode.  The  mechanical  alignment  is  measured 
once  again.  After  final  assembly,  foe  poised  wire  method  is 
used  to  measure  and  confirm  die  magnetic  alignment 

n.  DESCRIPTION  OF  THE  METHOD 

The  pulsed  taut-wire  method  of  determining  magnetic 
alignment  and  measuring  magnetic  field  errors  has  been  used 
by  several  groups  to  measure  the  magnetic  fields  in 
accelerator  systems.3-4  Many  variations  of  foe  basic  method 
have  been  developed  to  match  foe  circumstances  of  the 
particular  experiment.  The  basic  method  consists  of  sending 
a  poise  of  current  through  a  taut  wire  suspended  in  a  steady 
or  quasi-steady  magnetic  field  and  observing  the  motion 
induced  in  the  wire  by  die  resultant  Lorentz  force  on  foe  wire. 
If  the  magnetic  field  is  relatively  simple,  characteristic 
patterns  of  travelling  waves  are  established  on  die  wire  that 
can  be  easily  related  to  field  structure.  In  particular,  die 
residual  magnetic  field  errors  produced  by  very  good 
solenoidal  magnets  are  typically  an  offset  of  die  magnetic  axis 
from  the  mechanical  center  of  die  solenoid  and  a  tilt  of  die 
magnetic  axis  from  the  mechanical  axis.  The  two  types  of 
wave  patterns  produced  by  these  errors  are  sufficiently 
different  that  they  can  be  easily  distinguished.  Figure  2  shows 
typical  tilt  and  deflection  waveforms  before  corrections  are 
made.  If  die  fields  from  several  cells  are  superimposed, 
however,  and  if  reflections  are  present  due  to  the  ends  of  die 
wire,  the  wave  patterns  can  become  too  complicated  to 
interpret  easily. 

Our  measurements  are  done  with  the  induction  cells 
mounted  in  final  position.  To  accomplish  this,  we  have 
developed  special  mounting  and  positioning  fixtures  that 
accurately  position  foe  wire  with  respect  to  foe  assembled 
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Figure  2.  Uncomctod  Ofbet  and  Tilt  Signals 

centerline  of  die  cell  Mocks  (to  within  about  0.05  mm).  Also, 
the  measurements  must  be  done  with  a  long  wire  (over  4  m 
long)  in  an  acoustically  noisy  environment,  which  produces 
extraneous  vibrations  in  the  wire.  To  subtract  these  vibrations, 
we  must  average  over  many  shots. 

Our  measurements  are  made  simpler  because  we  only 
measure  the  offset  of  die  magnetic  axis  and  correct  only  fin 
the  magnetic  tilt.  Since  we  produce  a  null  in  die  motion 
detector  signal,  we  do  not  have  to  measure  the  absolute 
amplitude  of  the  signals.  A  detailed  field  map  is  not  produced. 

Our  procedure  consists  of  die  following  steps:  (1)  The 
wire  is  carefully  tensioned  and  centered  at  the  centering 
collars  at  the  two  end  cells.  (2)  The  optical  horizontal  and 
venical  motion  detectors  and  amplifiers  are  calibrated  and  set 
to  a  region  of  linear  response.  (3)  Before  each  cell  is 
examined,  a  correction  is  made  to  the  ends  of  the  wire  to 
correct  for  catenary  sag  of  die  wire  at  the  cell  of  interest.  (4) 
With  no  power  to  the  magnets  of  the  cell,  a  zero  base  line  is 
established  for  residual  room  vibrations  by  applying  a  pulse  of 
current  to  the  wire  and  averaging  the  signal  over  20  shots.  (5) 
Current  is  then  applied  to  the  solenoid  magnet,  the  wire  is 
pulsed  20  times,  and  the  averaged  waveforms  are  compared 
to  die  reference.  (6)  The  ends  of  the  wire  are  moved  using  the 
x-  and  y -micrometers  until  die  lack  of  offset  signal  indicates 
the  wire  is  on  the  magnetic  centerline.  This  measures  the 
solenoid  offset.  (7)  With  die  wire  located  on  the  magnetic 
centerline,  current  is  applied  to  the  x-  and  y-dipoie  steering 
magnets  to  null  die  g»gn«k  produced  by  tilt  of  the  solenoid 
field.  (8)  The  procedure  is  repeated  separately  for  each  cell. 

HI.  HARDWARE  DESCRIPTION 

The  wire  used  in  these  experiments  is  0.1-mm-diameter 
BeCu,  4.2  m  long.  It  is  tensioned  to  about  97%  of  its 
breaking  strength  by  a  system  of  low-friction  pulleys  and 
suspended  fixed  weights  which  hold  a  constant  tension. 
Elongation  of  the  wire  is  included  in  the  compensation  for 
catenary  sag.  Sag  is  compensated  by  moving  die  ends  of  the 
wire  upward  to  came  it  to  pass  through  die  center  of  die  test 


cell  horizontally  and  on  the  mechanical  axis. 

The  ends  of  the  wire  ate  .  '’ached  to  adjustable  slides, 
which  can  be  moved  with  respei f  o  die  fixed  mounting  fixture 
by  two  micrometers  on  each  end  controlling  horizontal  and 
vertical  movement.  The  mourning  fixtures  are  fixed  to  die 
cells  at  each  end  by  expansion  collar  arrangements  which 
locate  the  fixture  with  respect  to  the  bore  of  the  end  cells. 
Optical  detectors  to  sense  vertical  and  horizontal  motion  of  die 
wire  are  mounted  on  die  adjustable  slides.  Each  has 
independent  x-  and  y -adjustment  micrometers.  This 
arrangement  allows  the  detectors  to  be  moved  around  die 
centered  wire  to  position  the  detectors  for  linear  response,  and 
allows  the  wire  to  be  centered  in  die  beam  tube  without 
afiecting  the  detector  alignment. 

The  motion  detectors  are  a  pair  of  orthogonally  mounted 
GaAs  LED-phototransistor  detector  assemblies  (Motorola 
H21A1  9030),  amplified  by  a  single  operational  amplifier. 
The  overall  sensitivity  of  die  detector/amplifier  circuit  is  about 
50  mV//un  of  deflection.  Measured  signal  levels  are  20-50 
mV  before  corrections,  corresponding  to  about  1  /un  of 
deflection  at  the  detector  position,  and  about  5  mV  after 
corrections.  Signals  produced  by  room  vibrations  are  typically 
20  mV,  with  a  major  component  at  120  Hz  coming  mostly 
from  vacuum  pumps  and  ventilation  fans. 

The  current  pulse  to  the  wire  is  supplied  by  a  HP214B 
Pulse  Generator.  It  produces  0.3  A  in  the  57-0  wire.  The 
current  pulse  is  1  ms  in  duration  and  very  square  in  shape, 
indicating  that  die  risetime  of  die  current  pulse  is  not  limited 
by  the  inductance  of  die  wire  circuit.  The  signals  are  recorded 
on  a  LeCroy  9450  oscilloscope  that  provides  real  time  signal 
averaging  and  storage  of  reference  waveforms. 

IV.  EXPERIMENTAL  PROCEDURE 

Before  making  a  series  of  measurements,  die  wire  is 
centered  in  the  bore  of  die  two  end  cells  by  moving  the  wire 
until  it  makes  contact  with  a  straight  edge  precisely  located  by 
locating  pins.  The  straight  edge  is  then  rotated  90*  to  a  second 
set  of  pins  and  die  wire  is  moved  until  contact  is  made. 
Contact  is  detected  by  electrical  continuity.  The  continuity 
check  has  proved  to  be  a  very  sensitive  indicator  of  contact 
between  the  wire  and  the  straight  edge  positioning  tool.  It 
locates  the  wire  to  within  one  wire  radius  of  die  line 
established  by  die  straight  edge. 

After  the  wire  has  been  positioned  in  die  center  of  the 
beam  tube,  the  detectors  are  moved  with  respect  to  the  wire 
to  establish  the  range  of  signal  and  to  select  an  operating  point 
in  the  center  of  the  linear  range.  The  ends  of  the  wire  are  then 
adjusted  to  compensate  for  the  catenary  deflection  at  the 
location  of  the  cell  under  test.  Then,  with  no  current  applied 
to  the  solenoid  magnet,  an  averaged  reference  base  line  is 
recorded.  Current  is  applied  to  the  solenoid  magnet  of  die  cell 
under  test,  and  die  averaged  signals  are  compared  to  the 
reference  waveforms.  The  ends  of  the  wire  are  moved  to  null 
the  deflection  signals.  Then  current  is  supplied  to  the  x-  and 
y-dipole  steering  magnets  to  null  the  tilt  signal.  Usually,  about 
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Figure  3.  Corrected  Deflection  Signals 


The  dipole  steering  magnet  currents  needed  to  correct 
for  tilt  are  typically  very  low,  about  0.5  A  compared  to  20  A 
maximum  available  from  the  power  supply.  Consequently,  we 
are  not  able  to  fine  tune  the  steering  current  better  than  0.2  A. 
However,  die  full  power  supply  current  output  could  be 
required  if  the  magnetic  tilt  were  larger.  The  20  A  current 
could  compensate  for  30  mrad  tilt. 

V.  EXPERIMENTAL  RESULTS 

The  results  of  the  alignment  measurements  on  the  eight 
cells  are  summarized  in  Fig.  4.  The  vectors  drawn  from  each 
point  mdirate  die  tilt  of  die  magnetic  axis  for  that  cell.  The 
vectors  are  scaled  to  indicate  die  deflection  that  occurs  over 
the  length  of  die  cell  (50  cm).  The  average  value  of  die  radial 
offset  of  die  eight  cells  is  0.13  mm,  and  the  maximum  offset 
is  0.3  mm  for  cell  #4.  The  average  tilt  of  die  magnetic  axes 
is  0.7  mrad  and  the  maximum  tilt  is  1.4  mrad  for  cell  #8. 

The  accuracy  of  die  method  is  limited  at  present  by 
background  noise,  and  by  die  limit  in  accuracy  to  which  we 
can  set  the  steering  magnet  power  supplies.  We  estimate  the 
accuracy  of  the  method  to  be  about  ±.l  mm  and  ±.3  mrad. 
Hence,  after  corrections  are  made  for  tilt,  there  could  be  a 
residual  tilt  of  0.3  mrad.  This  residual  tilt  error  corresponds 
to  a  dipole  field  of  about  0.34  G. 

After  performing  the  measurements  described  here,  we 
tried  to  improve  the  signal-to- noise  ratio  (hence  the 
'accuracy*  of  the  method)  by  using  a  larger  current  pulse 
through  dm  wire.  The  0.3  A  pulse  was  increased  to  10  A. 
While  this  increased  the  signal  levels  and  reduced  the  number 
of  shots  over  which  we  had  to  average,  it  did  not  significantly 


Figure  4.  Uncorrected  Offsets  and  Tilts 

increase  the  accuracy  with  which  we  could  detect  die  signal 
mill.  It  introduced  the  additional  complication  of  frequent  wire 
breakages  because  of  increased  mechanical  and  thermal  stress. 

VI.  SUMMARY  OF  RESULTS 

The  pulsed  taut  wire  method  was  used  to  measure  the 
magnetic  alignment  of  die  eight  induction  cells  of  the  ITS 
facility.  The  offsets  and  tilts  of  die  magnetic  axes  were  within 
the  design  specification.  The  design  approach  taken,  to  control 
die  magnetic  alignment  by  careful  control  of 
tolerances  and  assembly,  and  to  reduce  the  effects  of  winding 
errors  by  using  multi  filar  windings  and  using  field 
homogenizing  iron  rings,  has  produced  acceptable  field  errors. 
We  are  developing  improved  pulsed-wire  methods  to  apply  to 
each  of  die  DARHT  accelerators,  which  will  be  more  than  23 
m  long. 
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Abstract 

This  paper  discusses  the  application  of  precision 
mounting  and  alignment  techniques  to  a  moderate  energy 
beam  transport  system  (MEBT)  used  on  the  exit  of  a  1.75 
MeV  RFQ.  White  frequently  found  in  optical  systems, 
techniques  such  as  kinematic  mounting,  and  degree-of- 
freedom  decoupling,  are  not  as  widely  used  for  accelerator 
components.  The  MEBT  consists  of  one  permanent  magnet 
quadrupole,  four  electro  magnet  quadrupoles,  and  one 
debuncher  cavity.  Included  in  the  paper  me  discussions  of 
design  and  fabrication  considerations  as  well  as,  installation, 
alignment  and  operations  experience  during  the  successful 
implementation  on  a  working  accelerator. 

I.  INTRODUCTION 

Los  Alamos  Group  N-2  (Advanced  Nuclear 
Technology)  has  undertaken  a  project  to  prototype  an 
accelerator-based  system  for  explosive  detection  using  the 
nuclear  resonance  absorption  technique.  We  were  asked  to 
provide  the  mechanical  design  for  a  beam  transport  starting 
at  the  end  of  the  1.75-MeV  radio  frequency  quadrupole 
(RFQ)  to  the  target  location,  some  166  cm  downstream. 
The  physics  design  of  this  moderate  energy  beam  transport 
(MEBT)  called  for  one  rare  earth  permanent  magnet 
quadrupole  (PMQ)  at  the  exit  of  the  RFQ,  followed  by  two 
electro-magnet  quadrupoles  (EMQ's),  a  debuncher  cavity, 
and  finally  two  more  EMQ's. 

Our  goal  was  to  provide  a  robust  mechanical  design  that 
would  at  the  same  time  employ  some  of  the  precision 
alignment  techniques  found  in  optical  systems  for  the 
positioning  of  the  MEBT  components  in  five  of  the  six 

degrees-of-freedom. 

In  order  to  minimize  alignment  time  we  attempted 
wherever  possible,  to  decouple  the  degrees-of-freedom, 
thereby  eliminating  the  time  consuming  "cross  talk" 
between  the  axes. 

H.  DESIGN 

The  PMQ  used  for  focusing  the  beam  was  mounted  directly 
onto  the  downstream  vacuum  cover  of  the  RFQ. 
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The  four  EMQ's  and  the  debuncher  cavity  were  mounted  on 
an  adjustable  support  stand.  The  support  stand  consists  of  a 
1.25  inch  thick  aluminum  plate  bolted  to  a  structural  steel 
frame  adjustable  in  X,  Y,  and  Z.  The  MEBT  components 
were  aligned  to  the  theoretical  beam  line  within  a 
diametrical  tolerance  of  .002  inch  and  they  were  aligned 
azimuthally  to  the  RFQ  within  1.0*.  A  target  assembly, 
provided  by  the  experimenter,  was  attached  to  the 
downstream  end  of  the  accelerator.  Figure  1  shows  a 
schematic  of  the  accelerator  with  the  target  assembly 
attached. 


Fig.  1.  Schematic  of  Accelerator. 

Several  mechanical  techniques  were  used  to  fulfill  the 
alignment  requirements  of  the  accelerator  components.  The 
PMQ  was  held  in  the  center  of  its  holder  with  a  Tolerance 
Ring.'*’  The  azimuthal  position  of  the  PMQ  was  fixed  by 
pinning  it  to  the  holder  using  a  standard  .060  inch  diameter 
dowel  pin.  Another  pair  of  standard  .125  inch  diameter 
dowel  pins  were  used  to  orient  the  PMQ  and  holder 
assembly  to  the  RFQ  end  flange. 

The  EMQ’s  were  attached  to  kinematic  mounts  that 
were  designed  to  allow  for  adjustment  in  the  Y  direction. 
The  kinematic  mounts  used  hardened  steel  elements  for  a 
cone,  vee  groove,  and  flat  that  mated  with  commercially 
available  hardened  steel  tooling  balls.  The  relative  position 
in  Y  of  the  tooling  balls  with  respect  to  the  magnetic  center 
of  the  EMQ  was  adjustable.  The  tooling  balls  were  each 
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attached  to  fee  end  of  a  3/8-24  threaded  shaft  which  was 
preloaded  again*  a  base  plate.  A  dial  indicator  of  .001  inch 
gnthwn1~M  wai  near  ~ cfa  of  «*»— «*■*  «»“»■ 

The  dial  indicators  measured  the  relative  vertical 
displacement  oftheEMQ.  By  rotating  the  three  threaded 
shafts  until  each  dial  showed  the  same  amount  of 
movement,  true  vertical  motion  was  ensured.  By  using  this 
system,  it  was  possible  to  resolve  the  vertical  motion  of  the 
EMQ  to  a  resolution  of  less  than  .001  inch. 

To  accomplish  roll  adjustment,  each  EMQ  was 
mounted  in  a  vee  block  and  the  EMQ  was  rotated  with  a 
lever  arm  attached  to  the  magnet  ring.  Hardened  steel 
wearing  surfaces  were  attached  to  both  the  EMQ  and  to  the 
vee  block  to  minimize  wear  and  to  ensure  precise  rotation. 
Rotation  was  actuated  by  turning  a  commercially  available 
threaded  ball  foot  against  one  side  of  die  lever  arm.  To 
eliminate  lash,  the  lever  arm  was  preloaded  against  the  ball 
with  a  commercially  available  spring  plunger. 

To  provide  adjustment  in  the  X  direction,  the  assembly 
was  mounted  on  a  commercially  available  dovetail  slide 
whose  axis  of  travel  is  perpendicular  to  the  beam  direction. 
Figure  2  shows  the  EMQ  and  its  mounting  system. 


Fig.  2.  EMQ  and  Mounting  System. 


The  debuncher  cavity  was  also  mounted  on  a  system 
similar  to  that  of  the  EMQ's.  Provisions  for  roll  adjustment 
to  the  debuncher  cavity  were  not  necessary. 

HI.  FABRICATION 

After  final  magnetic  mapping  of  the  permanent  magnet 
quadrupole,  a  .0643- .0663  groove  was  machined  into  its 
outer  aluminum  jacket  The  groove  position  was  45*  from 
the  north  pole  of  the  magnet  Subsequently,  the  fit  and 
position  of  the  mating  dowel  pin  in  the  holder  were 
carefully  specified,  as  were  die  mating  conditions  of  the 
outer  dowel  pins  for  assembly  with  the  end  flange  of  the 


RFQ.  As  a  result,  fabrication  of  the  PMQ  holder  was 
simplified,  and  the  need  for  active  alignment  of  the  PMQ 
was  eliminated.  Figure  3  shows  the  tolerance  specifications 
assigned  to  die  PMQ  holder. 


Fig.  3.  PMQ  and  Holder  Assembly. 

Our  previous  experience  in  the  design  of  kinematic 
systems  revealed  that  cones  and  vee  grooves  for  kinematic 
mounting  devices  having  the  proper  geometry  and  hardness 
are  not  commercially  available.  Typically,  they  need  to  be 
custom  fabricated  for  each  application.  However,  for  the 
EMQ's  and  debuncher  cavity  we  determined,  that  by  using 
other  readily  available,  inexpensive,  hardened  steel 
dements,  the  same  kinematic  effect  could  be  accomplished 
for  substantially  less  cost  A  cone  effect  was  accomplished 
by  using  a  steel  drill  bushing  of  hardness  RC  62-64  and  .500 
inside  diameter  mated  with  a  .625  diameter  tooling  ball.  A 
vee  groove  effect  was  accomplished  by  mounting  two 
standard  .500  diameter  steel  dowd  pins  of  hardness  RC  36- 
42,  with  their  axes  parallel  to  each  other  and  perpendicular 
to  the  axis  of  the  5/8-24  threaded  shaft  The  flat  used  in  the 
kinematic  mount  was  a  commercially  available  steel  rest 
button  of  hardness  RC  40-45.  Figure  4  shows  the  three 
dements  of  the  kinematic  mount  used  for  the  EMQ's  and 
the  debuncher  cavity. 

The  two  wear  plates  on  the  magnet  ring  of  each  EMQ 
were  made  from  A2  tool  steel.  They  were  premachined, 
hardened,  then  attached  to  the  EMQ.  They  were  then  final 
ground  concentric  with  a  precision  alignment  pin  that  was 
sized  to  the  four  inside  pole  dps  of  each  EMQ.  Doing  this 
ensured  precise  rotation  of  die  EMQ  about  its  magnetic 
center. ++ 


This  mechanical  determination  of  the  magnetic  axis  was  used 
because  some  of  the  existing  fidudals  locating  the  magnetic  axis 
had  been  damaged  or  removed. 
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Fig.  4.  Elements  of  Kinematic  Mount. 

Figure  5  shows  the  machining  technique  used  for  machining 
the  EMQ  wear  plates. 


Fig.  5.  Grinding  EMQ  Wear  Plates. 

IV.  INSTALLATION,  ALIGNMENT  AND 
OPERATION 

The  next  step  was  to  install  and  align  the  MEBT 
components  on  the  beamline.  A  line  of  sight  through  the 
RFQ  was  established  using  a  Brunson  model  160  line  scope 
sighting  through  the  center  of  the  injector  and  a  backlit  pin 
hole  in  the  exit  aid  of  the  RFQ.  Hie  four  EMQ's,  the 
debuncher  cavity  and  their  mounts  were  assembled  and 
pinned  to  the  top  plate  of  the  support  stand.  Initially, 
EMQ's  1  and  4  were  positioned  on  their  mounts  so  that  all 
adjustments  were  in  mid-range.  A  precision  fit  pin  having  a 
back-lit  pin  hole  through  its  axis  was  inserted  into  the 
centers  of  EMQ's  1  and  4.  The  line  established  by  the  pin 


holes  at  EMQ's  1  and  4  was  made  colinear  with  the  line 
scope  using  the  support  stand  adjustments.  The  remaining 
two  EMQ's  and  the  debuncher  cavity  woe  brought  into 
position  by  using  the  X  and  Y  adjustments  while  sighting  on 
back  lit  pin  holes  such  as  those  used  on  EMQ's  1  and  4. 
The  PMQ  and  holder  assembly  was  attached  to  the  down 
stream  end  flange  of  the  RFQ.  A  final  operation  to  check 
the  repeatability  of  the  kinematic  mounts  was  then 
performed  by  lifting  each  EMQ  and  the  debuncher  cavity 
completely  off  their  kinematic  mounts  then  replacing  them. 
No  measurable  X  and  Y  displacement  of  these  elements  was 
observed.  The  angular  alignments  of  the  EMQ's  was 
determined  by  the  experimenters  during  assembly  of  the 
beam  tube.  A  quartz  window  was  installed  on  foe  end  of 
selected  segments  of  the  beam  tube  and  each  EMQ  was 
adjusted  until  foe  desired  visual  beam  spot  was  obtained. 
The  target  assembly  was  installed  on  the  downstream  end  of 
foe  beam  tube  to  complete  the  assembly.  Figure  6  shows 
the  completed  accelerator. 


Fig.  6.  Assembled  Beam  Transport  System. 

V.  CONCLUSION 

The  accelerator  was  commissioned  and  experimental 
data  has  been  obtained.  During  initial  installation  of  foe 
beam  tube  and  diagnostics  and  during  routine  maintenance 
it  has  been  necessary  to  remove  and  replace  the  PMQ, 
EMQ's  and  debuncher  cavity  by  disassembling  them  at  their 
kinematic  mounts.  Each  time  they  have  been  replaced  on 
foe  beam  line  with  no  measurable  shift  in  their  positions. 
When  it  is  necessary  to  re-adjust  some  of  foe  beam 
elements,  each  adjustment  is  made  predictably  and  without 
concern  for  coupled  motion  effects.  The  application  of 
precision  mechanical  engineering  techniques  to  foe  design 
of  this  accelerator  has  proven  to  be  effective. 
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Abstract 

The  original  design  for  the  SLAC  linac 
included  an  alignment  reference  system  with  270 
diffraction  gating  situated  along  the  3000  meter 
linac.  These  gratings  have  provided  SLAC  with  a 
global  reference  line  repeatable  to  within  200 
micro  meters.  For  the  Final  Focus  Test  Beam,  this 
laser  system  has  been  extended  and  13  new 
diffraction  gratings  have  been  installed. 
Improvements  in  the  image  detection  system,  in 
the  calibration  of  the  targets  and  the  availability  of 
new  instruments  allows  us  to  evaluate  the 
performance  of  the  laser  reference  system  at  the  5- 
10  micro  meter  level.  An  explanation  of  the 
system  and  the  results  of  our  evaluation  are 
presented. 

1.  INTRODUCTION 

Components  of  the  FFTB  laser  alignment 
system  are  illustrated  in  figure  1.  A  1  mW  HeNe 
laser  provides  images  with  peak  intensity  of 
approximately  1  lux  at  the  detector.  (Note  that  all 
FFTB  zone  plates  are  less  than  150  m  from  the 
laser).  The  divergent  lens  is  chosen  such  that  the 
intensity  of  light  at  the  edges  of  the  zone  plate  is 
about  75%  of  the  intensity  of  light  at  the  center  of 
the  zone  plate. 

MuaUrSMaiiaai 


Figure  la.  Components  of  the  FFTB  laaar  ajgnciwot  system. 


pontioner. 


Figure  1b.  Components  of  the  FFTB  laser  aKgnment  system. 


A  precision  hinge  which  enables  the  zone  plate  to 
return  to  the  same  position  with  each  actuation  is 
required;  only  one  zone  plate  may  be  lowered  into 
the  light  at  one  time. 

An  inexpensive  CCD  camera  with  an  array  of 
size  8x6mm  is  used.  FFTB  images  are  much 
larger  than  this  CCD  array.  Therefore  the  camera 
must  be  moved  many  times  in  order  to  detect  one 
FFTB  image[l].  The  accuracy  of  the  camera 
positioning  system  is  approximately  10  micro 
meters.  However,  FFTB  images  have  high 
sensitivity,  figure  2,  and  need  only  be  detected  to 
within  tens  or  hundreds  of  micro  meters  in  order  to 
achieve  alignment  information  at  the  zone  plate 
with  precision  of  a  few  micro  meters. 

ft  Wanna  lui  9:  DManca  ton  Zona  Plata 

laaarla  Zona  Plata  tota^ehcUpoM 


2.  IMAGE  MEASUREMENTS 


Rgn»3aU— i untnarlof  PFTBLSX1  Fi»tnaHonapalaln»iga. 
VBTT1CM.  L3X1:  r  >  162.8  m,  a  .  3SS4.7  m,  N  •  20 
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Three  days  of  data  from  the  FFTB  laser 
alignment  system  are  show  in  figure  3.  This  data 
was  produced  by  lowering  a  single  zone  plate  and 
repeatedly  measuring  the  image  from  this  zone 
plate.  Motions  indicated  by  the  data  are  a 
combination  of  motions  of  the  zone  plate,  the 
camera  and  the  laser.  Motions  of  the  camera  and 
the  laser  may  be  eliminated  when  a  set  of  three  or 
more  different  images  are  monitored.  However 
that  was  not  done  in  this  case.  The  data  from 
figure  3  is  useful  in  order  to  evaluate  the  standard 
deviation  or  quality  of  the  measurements  made  by 
the  image  detection  system.  The  standard 
deviation  of  these  measurements,  computed  in 
terms  of  the  position  of  the  zone  plate,  is  less  than 
5pm. 

3.  ACCURACY  OF  IMAGES 

Figure  3  illustrates  the  repeatability  of  the 
measurement  of  zone  plate  images.  However,  this 
data  says  nothing  about  the  accuracy  of  these 
measurements.  Notice  that  the  standard  deviation 
of  the  vertical  measurements  is  less  than  the 
standard  deviation  of  the  horizontal  measurements. 
The  algorithm  which  is  used  to  detect  the  center  of 
the  image  uses  (1)  the  vertical  cross  section  of  the 
image  to  compute  the  vertical  coordinate  of  the 
center  of  the  image  and  (2)  the  horizontal  cross 
section  of  the  image  to  compute  the  horizontal 
coordinate  of  the  center  of  the  image. 


Figure  4.  Image  intensity  cross  sections. 
FFTBn*m4TligMUSX7)  12 MS 


These  imperfections  are  stable;  cross  sections 
taken  on  different  days  contain  the  same 
imperfections. 

Looking  at  figure  4,  one  might  wonder  if  the 
computed  center  of  such  an  image  is  a  good 
measurement  of  the  center  of  the  'ideal"  image. 
Figure  5  illustrates  the  image  detection  algorithm. 

By  varying  the  Reference  Level  and 
remeasuring  the  center  of  the  image,  one  may  gain 
a  sense  of  how  well  we  are  computing  the  center  of 
the  ideal  image. 


Figure  5.  Quick  explanation  of  the  image  deteefon  algorithm. 


The  data  from  figure  6  is  taken  directly 
from  the  database  which  is  attached  to  the  image 
detection  program.  This  data  consists  of  12 
different  measurements  of  the  center  of  the  LSX7 
image  at  4  different  reference  levels.  X  and  Y  are 
the  horizontal  and  vertical  coordinate  of  the  image 
in  inches  as  measured  in  the  coordinate  system  of 
the  image  detector.  Etime  is  the  time  required  for 
the  algorithm  to  converge  in  seconds.  Center  Amp 
determines  the  effective  reference  level. 
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Therefore  if  the  standard  deviation  of  the 
computed  vertical  coordinate  of  the  image  is  less 
than  the  standard  deviation  of  the  computed 
horizontal  coordinate  of  the  image,  we  would 
expect  that  the  vertical  cross  section  of  the  image 
would  be  of  better  quality  than  the  horizontal  cross 
section  of  the  image.  Figure  4  illustrates  that  this 
is  indeed  true. 

The  imperfection  in  the  images  shown  in 
figure  4  are  caused  primarily  by  stray  light, 
reflected  off  the  interior  of  the  vacuum  enclosure. 


The  total  range  of  all  the  Y  (vertical) 
measurements  is  440pm  and  840pm  for  the  X 
(horizontal)  measurements.  Translating  these 
measurements  into  distance  at  the  zone  plate  we 
have:  Vertical  Range:  5.6\un  Horizontal  Range: 
2.9ym.  As  far  as  the  image  detection  algorithm  is 
concerned,  these  images  are  quite  symmetric. 
Therefore  when  we  compute  the  center  of  the 
"imperfect''  image,  we  are  computing  the  position 
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of  the  center  of  the  zone  plate  to  within  about 
5|un. 

6.  IMAGE  SIMULATIONS 

Prior  to  the  construction  of  the  FFTB  laser 
alignment  system  we  investigated  the  feasibility  of 
a  Fresnel  zone  plate  laser  alignment  system  with  S 
pm  accuracy.  Several  of  the  questions  on  our 
mind  were:  (Ql)  How  precisely  must  the  slots  of  a 
zone  plate  be  fabricated?  (Q2)  How  large  must  a 
zone  plate  be?  (Q3)  Does  the  angle  of  the  zone 
plate  with  respect  to  the  incident  light  wave 
matter?  (Q4)  What  happens  when  light  from  the 
laser  is  not  symmetrically  distributed  across  the 
surface  of  the  zone  plate? 

In  order  to  answer  these  questions  we 
conducted  one  and  two  dimensional  simulations 
which  assumed  (1)  Light  incident  on  the  zone  plate 
has  a  gaussian  intensity  profile  and  has  spherical 
phase,  originating  at  the  laser.  (2)  The  zone  plate  is 
located  at  distance  R  from  the  laser.  (3)  The  zone 
plate  may  move  horizontally  or  vertically  with 
respect  to  the  laser  line.  (4)  The  zone  plate  may 
pitch  or  yaw  with  respect  to  the  laser  line.  (S)  The 
camera  is  located  distance  S  from  the  zone  plate. 

Available  space  does  not  permit  a  description 
of  the  simulation  algorithm,  therefore  we  will 
simply  present  results. 

(Qt)  How  largo  must  a  zone  plate  bo. 

By  *terg»*  I  raa»y  msan,  wteot  is  •»  raqulrad  number  of  dot*  in  Sta 
zonaplato?  TNs  is  an  knpoitentMMM  skies  wtiosloU  bacon* 
amaM,  manufacbgaciffia  zoos  plate  bacomaa  incmaainflly  dIBcut 
andanpanova.  The  number  of  slob  in  ttia  sons  plate  is  girsn  bytes 
order  of  tie  zona  plate,  N. 


(08)  How  prodaeV  must  Sta  Ms  at  a  mis  pWe  be  fabricated? 


SbauMons  conducted  for  the  FFTB  LSX7  (r-22.8  m,  s-3424.5  m. 
N>20)  Oeanel  zona  pMe.  The  UmuWad  zona  plate  has  bean 
ghon  andom  ssymnwlric  bwpedecHona  v»dh  aiandard  deviation  A 
and  the  cantar  of  the  rsaulant  hags  has  than  bean  computed. 


(03)  Does  the  an0e  of  the  zone  phte  wih  respect  to 
the  Incktent  wove  manor? 


By  working  through  the  mathematics 
of  our  simulation  algorthms  wo  found 
that  this  angle  0  does  not  aignlicanlly 
offset  the  Image  produced  by  this  zone 
piste  for  values  of  9  loos  than  several 
degrees. 


Tangart  Ins  to  hcidenl  Ight 
spharieol  imovo. 


(04)  What  happens  when  Ight  from  the  laser  is  not 
symmetrical/  dhtrlbmad  across  the  surface  of  the  zona  plate? 

Gaussian 


Oiui^in  off** 

Imagsoffaal 

5  mm 

3.9  urn 

tO  mm 

7.0  urn 

20  mm 

13.5  um 

CONCLUSION: 

Fresnel  zone  plate  alignment  systems  can 
provide  alignment  information  with  relative 
accuracy  from  zone  plate  to  zone  plate  of  S  pm 
without  expensive  image  detection  hardware  and 
with  zone  plates  fabricated  to  5  pm  tolerances. 
FFTB  Fresnel  zone  plate  alignment  images  have 
been  shown  to  be,  (1)  Symmetric  to  within  5  pm 
(2)  Re-measurable  to  within  S  pm. 
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Abstract 

A  software  package  has  been  created  for  examining  the 
thermal  behavior  of  cryogenic  particle  accelerator  structures.  It 
models  the  steady  state  heat  flows  in  waveguides  and  beampipes 
while  in  operation,  treating  both  diffuse  and  specular  infrared 
reflection.  The  programs  runs  effectively  on  small  computers, 
since  only  a  few  simple  geometries  are  treated,  and  the  output 
display  options  are  limited.  Overall  accuracy  for  simple  test 
cases  is  on  the  order  of  a  few  percent,  but  on  short  structures 
with  very  wide  apertures  the  errors  can  be  up  to  10%.  An 
analysis  of  radiative  beat  load  in  the  B-factory  cavity  is 
presented,  and  thermal  management  strategies  for  the  input 
waveguide  are  discussed. 

I.  Introduction 

Early  in  the  design  of  the  B-factory  test  cryostat,  it  was 
recognized  that  some  features  of  the  cavity  would  make  the 
design  of  a  low  heat  leak  system  a  challenge.  Specifically,  the 
relatively  large  beampipe  (240  mm  diameter)  and  input 
waveguide  (100mm  x  430  mm)  could  allow  a  significant 
amount  of  infrared  radiation  into  the  cavity,  and  thus  introduce 
a  large  heat  source  into  the  helium  coolant  bath.  Further 
thermal  study  was  warranted,  but  no  simple  analytical  technique 
could  treat  both  specular  and  diffuse  radiative  heating,  as  well  as 
RF  heating,  wake  field  heating,  and  conduction.  Sophisticated 
finite  dement  codes,  such  as  COSMOS/M  were  capable  of 
such  analysis,  but  for  this  task,  they  would  have  required  too 
large  and  investment  of  time  and  resources  to  be  cost  effective. 
A  software  package  was  developed  at  Cornell  to  conduct 
thermal  modeling  of  accelerator  structures.  This  package,  called 
ASTModeler,  provides  an  inexpensive  and  useful  tool  for 
accelerator  design. 

II.  PROGRAM  DESCRIPTION 

To  make  this  software  package  easy  to  use,  a  number  of 
compromises  were  incorporated  into  it  from  the  beginning. 
First,  only  simple  geometries  can  be  accommodated,  either 
cylindrical  or  rectangular  pipes.  This  avoids  the  problems  of 
specifying  and  meshing  complex  shapes,  but  still  allows  the 
treatment  of  many  structures  commonly  found  in  particle 
accelerators.  Because  of  this  restriction  on  the  model  geometry, 
it  is  also  possible  to  limit  the  output  to  simple  two 
dimensional  plots  without  any  loss  of  information.  A  Tie 
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oriented  input  section  prompts  the  user  to  describe  the  modeled 
section  in  terms  of  the  following  parameters: 

•Geometry-  rectangular  or  cylindrical 

•  Size-  length  and  aperture 

•  Temperature-  endpoint  temperatures 

•  End  conditions-  open,  reflective,  or  black  body 

•  Material-  304  SS,  Cu,  Al,  or  Nb 

•  Fitting-  material  and  thickness 

•  Surface  finish-  roughness 

•  RF  environment-  frequency  and  power  level 

Heat  exchangers  can  also  be  specified  for  the  section,  in 
terms  of  tube  size,  shape,  thickness,  material,  and  gas  flow 
rate. 

The  material  data  necessary  to  perform  radiative  and 
conductive  heat  transfer  calculations  are  stored  in  a  library 
which  can  be  expanded  to  accommodate  any  additional  material* 
of  interest  Most  of  these  data  are  available  from  published 
literature,  but  some  are  not.  For  example,  to  accurately  treat 
specular  radiation,  it  is  necessary  to  know  both  the  diffuse 
reflectivity  and  specular  reflectivity  of  the  material  concerned. 
The  data  is  not  available  for  niobium,  the  material  used  in 
superconducting  cavities.  This  motivated  a  series  of  optical 
measurements  on  unpolished  niobium[l].  The  results  of  this 
study,  which  are  incorporated  in  the  material  properties  database 
contained  in  ASTModeler,  were  that  niobium  has  an  emissivity 
of  .05,  and  that  it  is  constant  for  all  wavelengths  from  5  fan  to 
20  fa n.  In  addition,  the  specular  portion  of  reflected  energy 
varies  smoothly  from  85%  at  5  fan  to  over  95%  at  20  fan. 

III.  COMPUTATION  TECHNIQUES 

The  computational  package  has  three  main  parts;  a 
conduction  solver  routine,  a  radiation  solver  routine,  and  an 
additional  routine  which  incorporates  RF  heating  calculations 
and  heat  exchanger  cooling  calculations. 

The  conduction  routine  is  the  starting  point  of  the  program. 
Because  of  the  simple  geometry,  the  conduction  problem 
reduces  to  one  dimensional  formalism.  This  routine  segments 
the  model  structure  and  then  applies  a  finite  difference  form  of 
Fourier's  law  to  ‘’.tese  segments.  The  net  heat  flow  into  each 
segment  is  calculated  by  summing  the  heat  flows  from  the 
adjacent  segments,  as  well  as  an  external  heat  flow  determined 
by  other  routines.  In  the  steady  state,  all  segments  but  the  end 
ones  should  see  no  net  heat  flow.  Each  segment  temperature  is 
perturbed  to  sec  whether  this  causes  an  improvement  or 
deterioration  in  the  segment  heat  balance.  This  effect  is  used  to 
estimate  the  temperature  adjustment  necessary  to  balance  heat 
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flow  through  the  segment.  The  iterative  adjustment  process  is 
stopped  when  total  heat  flow  for  all  segments  are  balanced  to 
some  small  fraction  of  the  heat  flow  to  an  adjacent  segment 
This  convergence  criterion  is  adjustable,  and  is  usually  set  to  a 
fraction  of  a  percent.  With  a  convergence  criterion  of  0.1%, 
this  routine  agrees  with  analytical  results  to  within  2%. 

The  radiation  routine  uses  the  segments  defined  in  the 
conduction  routine  to  define  a  set  of  surfaces  interacting 
through  radiation  and  absorption.  These  surfaces  define  a 
grey  body  enclosure,  with  temperatures  set  by  the  results  of  the 
conduction  routine.  As  with  the  conduction  problem,  in  steady 
state,  the  heat  flow  to  and  from  any  surface  balance.  The 
problem  can  be  expressed  and  solved  in  matrix  form  through 
the  use  of  view  factors,  or  geometrical  factors  quantifying  the 
degree  to  which  radiation  from  one  surface  impinges  on 
another.  The  calculations  of  these  factors  is  difficult  in  the 
general  case,  especially  when  specular  reflections  are  considered 
[2],  These  calculations  become  merely  tedious  in  the  simple 
geometries  considered  by  ASTModeler,  and  they  need  only  be 
performed  once  for  each  model.  The  most  elaborate  of  these 
calculations  involves  the  interaction  between  the  end  plates  of 
the  model  enclosure,  and  the  truncation  of  this  series  creates  the 
largest  error  in  the  radiation  routine.  For  models  in  which  this 
end  to  end  interaction  is  large,  as  for  a  short,  large  aperture 
beampipe,  the  disagreement  between  calculations  and  analytical 
results|3]  can  approach  10%. 

The  last  routine  contains  the  formulas  necessary  to  calculate 
RF  heating  in  model  structures,  as  well  as  a  heat  exchanger 
modeler.  The  RF  heating  formulas[4]  incorporate  the  effects  of 
anomalous  skin  depth  in  conductors[5]  and  of  BCS  surface 
impedance  in  superconductors[6].  The  heat  exchanger  routine 
determines  the  heat  conducted  from  each  segment  to  the  gas 
passing  through  the  cooling  tube  attached  to  that  segment.  A 
boundary  layer  thermal  resistance  is  calculated  from  fluid 
Reynolds  number,  and  the  series  combination  of  that  and  wall 
thermal  resistance  determines  the  effective  resistance  from 
segment  to  cooling  gas. 

The  three  main  routines  are  executed  in  series,  with  the 
conduction  routine  determining  a  trial  solution  for  segment 
temperatures.  Those  temperatures  are  used  by  the  radiation 
routine  to  determine  radiative  heat  fluxes  for  each  segment,  and 
by  the  third  routine  to  calculate  any  heat  flows  in,  from  RF 
heating,  or  out,  from  heat  exchanger  cooling.  The  calculated 
external  heat  flows  are  then  returned  to  the  conduction  routine, 
and  temperatures  are  altered  until  the  heat  flows  are  again 
balanced.  The  process  is  iterated  until  adjustments  become 
negligible. 

IV.  DESIGN  EXAMPLES 

One  of  the  first  problems  examined  with  this  package  was 
the  beat  load  presented  by  the  B-factory  beampipe.  Since  the 
cavity  connected  to  that  beampipe  was  not  cylindrical,  a 


cylindrical  structure  with  the  stone  thermal  properties  as  the 
cavity  had  to  be  specified.  This  was  done  by  using  a  2-D 
Monte  Carlo  simulation  of  the  behavior  of  infrared  rays 
propagating  in  the  beampipe  and  cavity.  Each  ray  was  launched 
from  (me  aperture  with  a  direction  determined  by  a  Lambertian 
weighted  random  number  generator.  The  ray  then  experienced 
either  specular  reflection  or  complete  absorption  at  every 
boundary  collision,  with  absorption  probability  equal  to  the 
boundary  emissivity.  The  simulation  indicated  that  the  cavity 
absorbed  more  infrared  radiation  than  the  beampipe,  due  to 
multiple  reflections  from  its  concave  surface.  This  absorption 
pattern  could  be  simulated  by  a  cylinder  with  a  darkened  region 
flower  reflectivity)  at  the  cavity  location.  The  model  shape, 
with  an  85%  reflectivity  in  the  darkened  region  and  95% 
reflectivity  elsewhere,  was  used  in  ASTModder  to  make  further 
thermal  calculations.  These  calculations  indicated  that  the  total 
heat  load  due  to  radiation  from  300K  surfaces  was  10.4  W,  with 
another  10.3  W  due  to  conduction  along  the  walls  of  the 
beampipe.  Since  the  black  body  radiation  through  both  beam 
ports  was  calculated  to  be  40  W,  it  is  dear  that  most  radiation 
simply  passed  through  the  cavity  without  causing  heating. 

A  similar  analysis  was  conducted  on  the  input  waveguide 
bringing  RF  power  into  the  cavity.  In  this  case,  since  the 
rectangular  waveguide  was  terminated  by  a  coupler  at  the  cavity 
end,  much  of  the  IR  radiation  was  absorbed  in  regions  coded 
by  liquid  helium.  For  mechanical  reasons,  it  was  necessary  to 
have  two  90  degree  E-bends  in  the  waveguide,  so  it  was  dedded 
to  cool  the  bend  most  distant  from  the  cavity  to  low 
temperatures  with  liquid  nitrogen.  This  avoided  a  line  of  sight 
path  from  room  temperature  structures  to  cryogenic  ones,  but 
ray  tracing  simulations  indicated  that  nearly  15  W  of  radiant 
energy  would  be  delivered  by  reflections  off  the  waveguide 
walls.  In  fact,  the  waveguide  made  an  effective  light  pipe  for 
infrared  radiation,  due  to  the  high  reflectivity  of  niobium. 
This  effect  was  controlled  by  putting  small  steps  inside  the 
waveguide  elbow.  In  both  simulations  and  optical  experiments 
on  scale  models,  nearly  90%  of  incoming  radiation  was 
reflected  back  to  its  source,  while  in  ungrooved  elbows,  less 
than  3%  was  returned. 

Analysis  of  this  revised  waveguide  design  indicated  that 
17.2  W  would  still  be  conducted  into  the  helium  coolant,  and 
that  as  much  as  12  W  of  this  was  from  RF  heating  of  the 
waveguide  section  between  the  cooled  (80K)  elbow.  This, 
when  added  to  the  heat  loads  already  calculated  for  the 
beampipe,  was  more  than  allowed  by  the  refrigeration  budget. 
Thus,  it  was  decided  to  incorporate  a  helium  gas  heat  exchanger 
on  the  waveguide  section  between  the  two  E-bends.  The 
optimization  procedure  required  a  large  number  of  calculations 
involving  various  cooling  tube  geometries,  sizes,  and  flow 
rates.  Semi-circular  channels  were  selected  over  simple  tubes 
because  they  exhibited  much  better  heat  transfer  properties 
Rectangular  channels  were  as  good  as  semi -circular  ones  from  a 
heat  transfer  standpoint,  but  they  were  rejected  because  of 
assembly  difficulties.  Studies  of  cooling  as  a  function  of  gas 
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flow  ntt  indicated  that  the  optimum  flow  was  about  50  mg/s 
of  helium  vapor.  At  this  flow  rate,  total  conduction  along  the 
waveguide  was  3.9  W,  an  acceptable  figure.  Additional  flow 
did  provide  more  cooling,  but  the  marginal  improvement  did 
not  compensate  for  the  idiquification  cost  of  the  warmed 
helium. 
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Abstract  The  cryogenic  system  of  the  LEP200  cavities  was  designed  to 


The  cryogenics  for  the  LEP200  Project  cover  the  cooling 
requirements  of  up  to  64  modules  containing  each  four 
superconducting  (SC)  cavities  at  352  MHz  RF.  This  includes 
bath  cooling  for  the  cavities  themselves  by  liquid  helium 
boiling  at  4.5  K,  and  use  of  cold  helium  gas  for  intercepting 
beat  from  accessories.  Helium  refrigeration  is  provided  by 
separate  powerful  cryoplants  at  each  of  the  four  interaction 
points  of  LEP  with  12  kW  equivalent  refrigeration  at  4.5  K 
and  cryogenic  distribution  lines  of  up  to  810  m  length,  and  by 
two  6  kW  plants  for  the  new  test  center  SM18  where  the 
acceptance  tests  of  both  SC  cavities  and  magnets  are  carried 
out.  Most  of  the  hardware  is  installed,  commissioning  of  the 
systems  in  LEP  is  progressing  and  experience  in  testing  the 
new  cavities  from  industry  is  accumulating.  First  conclusions 
and  performance  results  are  reported,  and  problems  listed  which 
require  further  work. 

I.  INTRODUCTION 

The  LEP200  Project  was  started  at  CERN  in  1989.  By  1995 
192  SC  cavities  should  be  operational  in  LEP  to  boost  the 
e+/e~  energy  above  the  W*  threshold.  The  status  of  the  Preyed 
is  summarized  elsewhere  at  PAC93  [1],  and  recent  results  from 
cavity  testing  are  presented  [2].  This  paper  gives  an  updated 
status  of  the  cryogenics  for  this  collider  cavity  program;  a 
more  detailed  description  was  given  at  1CEC14  [3]. 

Special  solutions  had  to  be  adopted  to  integrate  this  new  large- 
scale  cryogenics  into  the  existing  LEP  environment  without 
requiring  additional  underground  civil  engineering.  The 
LEP200  systems  will  increase  the  helium  cooling  power  at 
CERN  almost  by  an  order  of  magnitude  and  use  about  23%  of 
the  300  MCHF  LEP200  Project  funds.  Compatibility  with 
the  operation  techniques  developed  for  the  numerous  smaller 
refrigerator  plants  running  since  years  at  CERN  and  contract 
splitting  to  avoid  dependence  on  a  single  vendor  were  other 
management  targets  which  determined  basic  technical  choices. 

H.  COOLING  REQUIREMENTS  OF  THE  LEP200 
CAVITIES 

For  the  energy  upgrade  of  LEP  to  approach  90  GeV,  initially 
forty-eight  4-cavity  modules  will  be  installed  in  the  straight 
sections  of  LEP,  four  on  each  side  of  points  2  and  6,  and  eight 
on  each  side  of  points  4  and  8  [1].  At  a  later  stage,  points  2 
and  6  may  also  be  brought  to  8  +  8  modules. 

The  LEP200  cavities  are  cooled  by  a  bath  of  boiling  liquid 
helium  (LHe),  operated  slightly  below  1.3  bar  or  4.5  K.  A  few 
percent  (0.2  g/s  per  cavity)  of  the  evaporated  helium  is  used 
for  intercepting  heat  conducted  along  RF  couplers,  the  beam 
pipe  transition  to  room  temperature  and  the  nickel  bars  used 
for  frequency  tuning,  before  returning  at  ambient  temperature 
to  the  refrigerator. 


cover  the  thermal  load  estimates  given  in  Table  1. 


Table  1 

Refrigeration  load  design  figures  per  4-cavity  module 


Static  losses 

<90  W 

Share  of  distribution  losses 

<60  W 

Refrigeration  equivalent  of  gas  cooling 

100  W 

(Conversion  125  W  per  1  g/s) 

RF  losses  at  standard  RF  conditions 

200  W 

(Ref.field  of  5  MV/m  with  Q=  3.109) 

Spare  capacity  to  cover  higher  field 

values  or  reduced  surface  quality 

>300  W 

TOTAL 

750  W 

HI.  BASIC  FEATURES  OF  THE  CRYOGENIC 
SYSTEM 

The  cryogenic  system  for  the  LEP200  Project  was  mainly 
designed  to  cover  the  LHe  bath  cooling  requirements  of  up  to 
4  x  64  RF  cavities,  made  either  from  n»obiom  (Nb)  sheet  or 
Nb  sputtered  on  copper,  but  it  includes  already  all  features  to 
make  its  main  components  also  suitable  for  a  future  proton- 
proton  collider  (LHC)  in  the  LEP  tunnel. 

A  major  constraint  was  to  avoid  new  underground  civil 
engineering  work  in  LEP,  but  to  integrate  the  cavity 
cryogenics  into  the  existing  shaft  and  tunnel  infrastructure  of 
LEP.  To  allow  contract  splitting  after  competitive  tendering  in 
CERN  member  countries  and  to  keep  the  new  systems 
compatible  with  the  operation  practice  for  the  existing 
refrigerators,  CERN  ordered  control  hardware  and  software 
separately  (ABB,  CH/S).  An  energy  saving  design  was 
encouraged  by  a  bonus/malus  system  including  electricity  cost 
over  10  years  of  running.  This  led  to  proposals  using  6-8 
turbines  at  different  temperature  levels  between  200  and  4.5  K. 

Due  to  the  depth  (50  - 150  m)  of  the  LEP  machine  tunnel  and 
the  need  to  operate  the  cavity  bath  at  constant  pressure  slightly 
above  atmospheric,  LHe  production  at  ground  level  and  the 
associate  static  bead  effects  of  cold  helium  had  to  be  excluded. 

As  a  first  step,  for  the  prototype  cavity  string  at  LEP  point  2 
and  the  reception  test  hall  SMI 8,  two  very  compact  6  kW 
refrigerators  were  ordered  in  May  1990,  one  each  from 
SULZER  (CH,  now  LINDE)  and  L’AIR  LIQUIDE  (F).  This 
was  following  the  concept  of  an  'horizontal  split'  with 
installation  of  compact  cold  boxes  in  both  service  tunnels 
close  to  the  cavity  strings. 

In  1990  the  basic  concept  was  change  ter  match  LHC 

requirements  and  to  overcome  the  2  x  imitation  given 

by  the  space  in  the  service  tunnels,  a  ..^vel  concept  of  a 
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■vertical  split'  of  tbe  cold  boxes  near  the  access  shaft  was 
adopted,  with  a  potential  of  later  reaching  at  least  18  kW  of 
cooling  power  at  4.S  K. 

Pour  such  12/18  kW  cry  op  lan  ts  were  ordered  in  December 
199a  two  each  Cram  SULZER/UNDE  and  L'AIR  LIQUIDE, 
including  screw  compressors  for  all  LEP200  cryoplants  from 
the  same  manufacturer  STAL  (SE). 

The  screw  compressors  and  their  gas  purification  system  are 
installed  in  separate  sound-proofed  buildings  near  the  LEP 
access  shafts.  Each  compressor  set  consists  of  2-4  low 
pressure  (LP)  and  1-2  high  pressure  (HP)  units,  with  variable 
flow  in  the  30-100%  range  and  a  recovery  mode  using  only 
one  unit  to  limit  electric  power  requirements.  All  cryogenic 
components  working  above  about  20  K  were  grouped  into  an 
"Upper  Cold  Box"  (UCB),  which  could  be  integrated  into  the 
existing  surface  buildings  covering  the  access  shaft  (Figure  1). 


Figure  1 

Integration  of  Upper  Cold  Box  at  top  of  LEP  shaft 

Although  the  space  limitations  in  tbe  surface  building  were 
not  as  stringent  as  for  the  compact  6  kW  cold  box  installed  in 
tbe  tunnel,  the  UCB  had  to  be  of  horizontal  construction  too, 
and  use  horizontal  heat  exchangers,  but  its  dimensions  were 
not  critical  (typical  weight  SO  t,  including  4  turbines). 


Figure  2 

Integration  of  Lower  Cold  Box  at  bottom  of  LEP  shaft 


All  components  below  20  K  were  grouped  into  T-shaped 
"Lower  Cold  Boxes"  (LCB)  for  which  a  position  could  be 
found,  amidst  cable  trays  and  ventilation  ducts  (Figure  2),  in 
tbe  steel  structure  at  the  lower  end  of  the  access  shaft  (typical 
weight  IS  t,  including  3  turbines). 

The  Upper  and  the  Lower  cold  boxes  had  to  be  interconnected 
by  vacuum-insulated  transfer  lines.  The  20  K  separation  level 
turned  out  to  be  particularly  convenient:  at  this  temperature 
beat  insulation  is  not  very  critical  and  gas  density  is  low 
enough  not  to  give  static  bead  problems  and  not  to  require  big 
pipe  diameters;  only  four  respectively  five  interconnecting  cold 
pipes  were  considered  necessary:  the  two  main  HP  and  LP 
pipes,  two  screen  gas  pipes,  and,  in  the  solution  adopted  by 
L'AIR  LIQUIDE,  one  bypass  for  specific  cooldown  modes. 

Each  cavity  bath  requiring  about  200  I  of  LHe,  a  total  of 
16000  1  of  LHe  or  12000  Nm3  of  helium  gas  must  be 
available  at  each  LEP  point  with  SC  cavities.  For  ease  of 
operation  during  shutdown  periods,  it  was  decided  to  rely  on 
gas  rather  than  liquid  storage.  Fifty  vertical  steel  vessels  were 
ordered  (75  m3,  20  bar),  mostly  from  RUZCHIMMASH 
(Russia)  as  a  result  of  agreements  between  CERN  and  Russia. 

The  cold  helium  distribution  is  done  by  a  pair  of  separate 
transfer  lines,  one  for  LHe  supply  (65  mm  inner  bore  and 
25  bar  design  pressure  fra  LHC  service)  and  a  second  for  the 
cold  gas  return  (100  mm  brae,  16  bar).  Both  contain  also  a  22 
mm  bore  screen  cooling  pipe  with  helium  gas  circulating  in 
tbe  50-75  K  range,  cooling  a  'soft'  radiation  screen  which  is 
made  by  wrapping  of  aluminium  strips  between  inner  and 
outer  layers  of  superinsulation  and  clamping  the  strips  on  the 
screen  pipe  at  regular  intervals. 

The  transfer  line  pairs  fra  LEP  points  2  and  6  with  initially 
32  cavities  each  (2  x  275  m  length)  were  ordered  from  L'AIR 
LIQUIDE.  The  lines  for  LEP  point  8  (2  x  405  m  length)  were 
ordered  from  the  Russian  firm  CRYOGENMASH. 

IV  STATUS  OF  INSTALLATION  AND 
COMMISSIONING 

A.  Co 

Of  the  two  6  kW  plants,  only  the  7  turbine  SULZER/LINDE 
plant  was  finally  installed  underground  at  LEP  point  2,  to  cool 
the  first  cavity  modules  in  LEP  before  tbe  12  kW  plant  will 
there  be  available.  The  6  kW  plant  of  L'AIR  LIQUIDE 
(3/4  turbines)  was  installed  in  tbe  SM18  test  hall.  Both  plants 
were  commissioned  in  spring  1992  and  have  since  been 
running  most  of  the  time  [5].  The  SULZER/LINDE  plant  has 
a  power  factor1  of  about  240  W/W,  and  tbe  L'AIR  LIQUIDE 
plant  achieved  290  W/W  with  only  3  turbines.  Reports  on 
both  plants  will  be  given  at  the  forthcoming  CEC93  [6]. 

Two  of  the  four  12  kW  plants  are  presently  in  the  process  of 
commissioning,  the  two  others  are  being  installed.  Tbe 
LINDE  12  kW  plant  at  point  6  was  first  priority  for  CERN 
and  came  already,  during  tests  in  April  1993  close  to  the 


1  expressed  as  ratio  of  total  electric  input  to  equivalent  cooling 
power  at  4.5  K 
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design  performance  and  a  record  power  factor  of 220  W/W,  as 
shown  in  Table  2. 

Table  2  Results  of  first  reception  tests  of  12  kW  cryoplant 
supplied  by  LINDE  [4] 


Suction  pressure  of  compressor  set  [bar]  1.01 

Delivery  pressure,  compressor  set  [bar]  19.8 

He  mass  flow  [g/s]  with  suction  gas  at  295  K  712 

Electrical  input  [kW]  2600 

Cooling  performance  as  specified: 

Refrigeration  at  4.5  K(kW]  10 

Cold  gas  returned  warm  (liquefaction  load1)  [g/s]  13 

Screen  cooling  power  at  <75  KtkWI _ 6J_ 


B.  Cold  Distribution  Systems 

Transfer  line  systems  for  32  cavities  at  each  of  the  LEP  points 
2  and  6  have  been  installed  by  L'AIR  LIQUIDE,  partly  in  the 
machine  and  partly  in  service  tunnels,  totalling  275  m  for  LHe 
and  275  m  for  cold  gas  return  at  each  point.  Average  losses  to 
the  4.5  K  pipes  were  measured,  using  helium  gas  circulation 
at  10-20  K  to  0.9-1.0  W/m,  including  2x8  unshielded 
flexible  connections  of  3.5  m  length  and  cryogenic  control 
valves  on  the  manifolds. 

At  LEP  point  8,  the  810  m  of  double  transfer  lines  were  built 
and  installed  by  CRYOGENMASH.  Good  quality  and 
installation  speed  were  achieved  and  an  identical  system  is  now 
ordered  for  LEP  point  4.  First  results  with  tbe  recently  started 
12  kW  plant  from  L'AIR  LIQUIDE  gave  about  0.9  W/m,  here 
including  losses  in  2  x  16  unshielded  flexible  connections  to 
tbe  cavity  modules  and  their  cryogenic  valves. 

C.  Experience  with  cavity  cooling  circuits 

During  die  acceptance  tests  of  cavities  and  assembled  modules, 
the  layout  of  the  cryogenic  piping  and  tbe  cooling  passages  on 
accessories  inside  tbe  cavity  modules  [3]  have  been  submitted 
to  extensive  tests.  This  design  had  to  take  into  account  severe 
space  constraints  due  to  the  planned  arrangement  of  LHC 
magnets  on  top  of  the  LEP  ring  and  the  slope  of  tbe  LEP 
tunnel  reaching  1.4%.  There  was  in  particular  no  room  for  a 
satisfactory  LHe  buffer  and  phase  separation  volume  above  the 
cavity  bath. 

The  module  cryogenics  worked  in  general  up  to  expectations. 
A  few  corrections  had  to  be  made  to  cope  with  the  presence  of 
helium  vapour  and  partial  phase  separation  in  the  10  m  long 
liquid'  manifold  underneath  the  cavities;  this  is  due  to  the  heat 
input  in  tbe  transfer  line  system  and  can  reach  50%  volume 
fraction.  A  continuing  concern  is  the  limited  cooling  capacity 
available  for  the  inner  conductor  of  the  Higher  Order  Mode 
(HOM)  coupler,  where  RF  losses  in  normal  operation  are  in 
the  mW  range  but  may  reach  several  Watts  during 
conditioning.  Active  cooling  of  the  cables  extracting  the  HOM 
power  and  of  die  beam  pipe  transition  cones  may  have  to  be 
added  to  handle  the  losses  expected  when  LEP  will  reach  total 
beam  current  of  8  mA  or  more. 


V.  CONCLUSIONS  AND  OUTLOOK 

The  cryogenics  for  the  LEP200  cavities  had  to  be  designed, 
ordered  and  built  on  a  very  short  time  scale.  Competent 
suppliers  could  be  found,  and  thanks  to  their  effort  and  their 
willingness  to  accept  the  particular  installation  constraints  in 
LEP,  almost  all  required  hardware  has  been  installed  in  time 
and  will  be  completed  in  early  1994. 

Tbe  slower  initial  pace  of  cavity  module  installation  in  the 
LEP  tunnel  is  now  giving  the  opportunity  of  doing  a 
systematic  running-in  of  the  new  12  kW  cryoplants  and  of 
developing  fully  satisfactory  procedures  and  software  for 
automatic  operation  from  a  remote  oontrol  room.  This  control 
room  is  unattended  outside  normal  working  hours,  but 
operators  can  be  called  in  by  an  automatic  paging  system 
triggered  by  alarm  signals  from  the  plants. 

A  particular  concern  is  the  capability  of  a  fast  restart  of  tbe 
cryoplants  after  accidental  stops  (in  most  cases  due  to  a  failure 
of  services  [5]),  to  avoid  downtime  multiplication  for  LEP  by 
quickly  stopping  the  LHe  evaporation  to  achieve  a  fast 
refilling  of  the  cavities  baths.  A  study  [7]  is  under  way  to  find 
a  satisfactory  solution  for  the  'AT  problem  of  tbe  biggest  beat 
exchanger  in  the  cryoplants  where  conservative  temperature 
rules  of  the  manufacturers  prevent  a  quick  restart,  once  cold 
helium  evaporated  from  the  liquid  in  the  ookl  box  and  around 
the  cavities  has  lowered  the  warm  end  temperature.  An  external 
bypass  for  the  cold  gas  is  installed,  and  at  restart  early 
re  liquefaction  and  a  modulated  increase  of  high-pressure  flow 
will  be  used  to  save  LEP  time  without  reaching  dangerous 
stress  levels  in  the  heat  exchangers. 

Another  line  of  action  is  the  development  of  systematic 
preventive  maintenance  and  failure  analysis  for  the  new  plane 
to  rapidly  achieve  the  low  failure  rate  known  from  smaller 
refrigerators  [5]. 
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Abstract 

The  results  of  seismic  ground  measurements  at  the 
Superconducting  Super  Collider  (SSC)  Accelerator  Systems 
String  Test  (ASST)  site  are  presented.  Spectral  analysis  of  the 
data  obtained  in  a  large  frequency  band  from  0.05  Hz  to  2000 
Hz  was  performed. 

I.  INTRODUCTION 

Vibration  effects  on  collider  performance  have  been 
theoretically  studied  in  several  works  [1,2,3, 4],  Depending  on 
the  frequency  of  the  noise,  one  can  distinguish  two 
mechanisms  of  beam  perturbation.  At  low  frequencies  (much 
less  than  revolution  frequency),  the  noise  produces  a  distortion 
of  the  closed  orbit  of  the  beam.  The  acceptable  level  of 
uncorrelated  low  frequency  motion  of  any  single  SSC 
quadrupole  is  about  0. 1-0.3  micrometers  [2].  Narrow  band 
high  frequency  noise  centered  near  a  fractional  part  of  the 
betatron  frequency  causes  direct  eminence  growth. 
Depending  upon  the  final  value  of  the  fractal  part  of  the  tune 
of  die  SSC  (0.2-0.4)  this  band  center  will  be  located  in  a 
frequency  range  between  700-1200  Hz).  For  example,  high 
frequency  tum-to-tum  jitter  of  every  quad  with  an  amplitude 
about  lOr4  micrometer  will  cause  emittance  doubling  after 
only  20  hours,  see  Reference  [4].  Experimental  investigation 
of  underground  vibrations  at  the  SSC  site  at  frequencies  1-200 
Hz  was  performed  by  The  Earth  Technology  Corporation 
(Long  Beach ,  CA.)  in  1989  [5].  At  the  time  of  that  study  the 
main  concern  was  with  the  low  frequency  closed  orbit 
distortion.  Since  that  time,  however,  there  has  been  a  growing 
interest  in  the  higher  frequency  emittance  growth  issue.  This 
paper  present  results  of  recently  conducted  seismic  ground 
motion  measurements  at  the  ASST  (located  at  the  N-15  SSC 
site)  in  die  frequency  range  from  0.05-2000  Hz. 

H.  EXPERIMENTAL 

Two  types  of  seismic  probes  were  used  in  die  study.  The 
first  was  a  commercially  available  model  SM-3KV  velocity 
meter  which  was  modified  to  accommodate  a  frequency  range 
from  0.05-150  Hz.  Two  of  these  probes  were  used  in  the 
study  and  both  have  a  nominal  sensitivity  of  8  x  104 
Volt/m/sec  and  were  calibrated  for  use  in  the  vertical 
direction.  The  second  type  of  probe  was  a  model  TA-2 
accelerator  produced  by  the  Moscow  Institute  of  Earth 
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Physics.  Again,  two  such  probes  were  used  in  the  study  and 
both  had  a  nominal  sensitivity  of  0.5  Volt/m/sec2  in  the 
vertical  direction.  The  dynamic  range  of  these  probes  (over 
the  frequency  bandl0-2000  Hz)  is  100  dB  relative  to  the 
acceleration  of  gravity.  Signals  from  all  probes  were  digitized 
simultaneously  by  CAMAC  10-bit  ADCs  (with  a  variable 
sampling  frequency  up  to  32  kHz)  and  then  seat  to  CAMAC 
256  K  memory  for  storing.  The  maximum  memory  available 
for  one  channel  was  64  K  24-bit  words.  This  corresponds  to 
17.8  hours  of  permanent  measurement  time  with  a  sampling 
rate  1  Hz  or  about  1  minute  with  1  kHz.  For  long 
measurements  a  low  pass  filter  at  either  2  Hz  or  20  Hz  was 
used;  for  fast  analyses  2000  Hz  and  10  000  Hz  band  filters 
were  applied. 

The  data  was  later  transferred  from  the  CAMAC  memories 
to  an  IBM  PC/386  for  subsequent  processing  in  both  the  time 
and  frequency  domains.  The  analysis  basically  consisted  of  1) 
convert  the  raw  data  signals  from  voltage  to  vibration 
amplitudes  in  microns,  2)  compute  the  discrete  Fourier 
transform  of  the  converted  signals,  3)  calculate  the  power 
spectral  density  (PSD)  of  the  signals,  and  4)  calculate  the 
spectral  correlation  between  all  signal  pairs,  etc..  In 
performing  the  spectral  analysis  64  averages  were  used  to 
reduce  the  signal  noise  and  statistical  errors  in  the  data.  The 
spectral  correlation  of  two  signals  x(t)  and  y(t)  is  defined  as 

km.- — , 

(<i*H2  |i>H 2  >) 1,2 

where  X(w)  and  Y(w)  denote  the  Fourier  transforms  of  x(t)  and 
y(t)  respectively.  The  brackets  in  the  above  expression  denote 
the  averaging  process  over  the  64  measurements. 

HI.  RESULTS 

The  PSD  of  the  ground  motion  at  the  SSC  site  in  quiet 
conditions  is  shown  in  Figure  1  (lower  curve).  This  type  of 
data  was  collected  on  the  slab  of  the  ASST  building  during  die 
evenings  and  over  weekends  when  the  construction  and 
installation  activity  were  at  a  minimum.  In  this  figure  we  see 
die  microseismk  peak  located  at  0. 1-0.2  Hz  which  is  die  so- 
called  “seven  second  hum.”  We  note  that  the  actual  location 
of  this  peak  is  not  necessarily  equal  to  0.143  Hz  (l/7sec)  but 
instead  may  vary  from  0.07  to  0.25  Hz.  It  may  also  consist  of 
multiple  peaks  [6].  The  origin  of  the  "seven  second  hum"  is 
normally  associated  with  ocean  waves  of  the  nearest  seas  (in 
the  case  of  the  SSC  -  the  Gulf  of  Mexico  and  the  Atlantic 
Ocean).  Consequently,  one  would  expect  the  amplitude  of 
this  peak  to  change  significantly  with  time  and  weather 
conditions.  This  fact  has  been  verified  by  filtering  all 
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frequency  component!  above  1.0  Hz  from  the  signal  and  then 
calculating  the  nns  value  of  the  resulting  ground  motion 
signal.  This  operation  was  perforated  on  recorded  data 
spanning  a  three-week  observation  period  from  March  2 
to  March  20,  1993.  The  result  of  this  analysis  is  shown  in 
Figure  2.  As  can  be  seen,  the  amplitude  of  the  nns  ground 
motion  varies  by  an  order  of  magnitude  from  0.2  to  2.0 
microns.  The  behavior  of  this  value  is  well  correlated  with  the 
weather  conditions  in  Florida  and  over  die  Atlantic  Ocean  at 
the  time.  Also,  sharp  peaks  on  March  3  coincided  with  small 
earthquakes.  During  these  earthquakes  the  amplitude  of  the 
seismic  motion  at  a  frequency  of  approximately  0.03Hz 
(below  the  7  second  hum  peak)  was  about  100  microns.  The 
motion  from  each  quake  lasted  for  about  an  hour. 

A  second  probe  was  located  on  die  coldmass  of  a  dipole 
magnet  which  was  resting  alone  on  the  support  stand  at  room 
temperature  waiting  to  be  installed  in  the  ASST  string.  The 
data  taken  using  this  probe  was  during  the  day  under  “noisy" 
conditions.  The  resulting  PSD  function  is  shown  as  the  upper 
plot  in  Figure  1.  The  dashed  line  of  Figure  1  represents  an 
acceptable  level  for  the  0.1  of  beam  size  beam-beam 
separation  at  the  interaction  point  of  the  SSC  due  to  closed 
mint  distortions  caused  by  quadrupole  motion  and  omittance 
growth  limitation  according  to  Reference  [4].  As  can  be  semi 
from  the  figure,  the  vibrational  motion  at  all  frequencies 
increased.  Also,  resonant  frequencies  of  die  coldmass  above 
10  Hz  become  evident  This  exercise  serves  to  point  out  that 
such  resonances  must  be  taken  into  account  when  calculating 
vibrational  morion  limits  for  the  Collider  components.  It  must 
be  carefully  noted  that  the  measurements  presented  here  are 
for  a  dipole  magnet  and  the  vibrational  studies  noted  in  the 
introduction  apply  to  quadrupole  magnets.  Preliminary 
analytical  studies  indicate  that  there  are  no  quadrupole 
coldmass  resonant  frequencies  located  within  the  frequency 
range  of  700-1200  Hz  where  the  omittance  growth  problem 
manifests  itself.  These  analytical  predictions  will  soon  be 
examined  and  evaluated  by  experimental  measurements  taken 
on  a  quadrupole  magnet  Both  PSD  functions  shown  in  Figure 
1  indicate  significantly  high  ground  motions  below  0.1  Hz. 
However,  the  corresponding  ground  wavelength  at  these 
frequencies  is  on  the  order  of  23  Kilometers  which  does  not 
present  a  serious  danger  to  the  operation  of  the  machine. 

Figure  3  presents  real  (solid  curve)  and  imaginary  (dashed 
curve)  parts  of  the  spectral  correlation  between  two 
SM-3  KV  probes  placed  a  distance  of  130  meters  apart  As 
can  be  seen  from  this  figure  there  is  solid  positive  correlation 
in  a  band  around  the  seven  second  hum  frequency.  There  is 
also  some  correlation  (0.5)  at  frequencies  between  1 .0-2.0  Hz. 
However,  no  other  significant  correlation  was  observed  over 
'he  remaining  portion  of  the  spectrum.  The  decreasing  of 
jnelation  below  0.1  Hz  leads  to  the  need  for  the  underground 
experiments  at  the  tunnel  for  careful  estimation  of  the 
influence  of  this  part  of  the  spectrum  on  the  closed  orbit 
distortion. 


SSC  site  measurements 
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Figure  1.  Measured  spectra  of  the  ground  motion  in  noisy 
and  quiet  conditions. 

MDL,  ASST,  02-20  of  March  1993 
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Figure  2.  Three  week  observation  of  low  frequency  ground 
motion. 
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Figure  3.  Special  correlation  of  ground  motion  at  a  distance 
of  130  meters. 

IV.  SUMMARY  AND  FURTHER 
DEVELOPMENT  OF  EXPERIMENTS 

Seismic  ground  measurements  at  the  SSC  site  (ASST 
building)  were  carried  out  during  March  1993.  The  equipment 
used  allowed  us  to  obtain  data  in  a  very  large  frequency  band 
from  0.0S  Hz  to  2000  Hz. 

It  was  found  that  at  high  frequencies  (above  10  Hz)  the 
main  source  of  vibration  is  human  activity.  Analysis  shows 
that  under  very  quiet  conditions,  ground  motion  vibrations  at 
high  frequency  are  not  dangerous  for  the  SSC  transverse 
emittance  growth.  Nevertheless,  measurements  matte  under 
noisy  conditions  show  that  resonant  frequencies  of  the 
quadrupole  magnet  and  support  stand,  if  not  properly 
engineered,  could  lead  to  fast  emittance  growth.  The 
measurements  in  this  paper  were  performed  on  the  surface  at 
the  ASST  facility  and  as  a  result  were  quite  sensitive  to 
various  cultural  noise.  The  next  set  of  measurements  will  be 
made  underground  at  the  bottom  of  the  exploratory  shaft  and 
the  sensitivity  of  ground  motion  to  surface  activity  examined. 
It  is  also  planned  to  experimentally  measure  the  resonant 
frequencies  of  the  quadrupole  magnets  to  verify  the  analytical 
predictions  that  they  are  outside  of  the  fast  emittance  growth 
danger  region. 

The  authors  are  grateful  to  Mike  Hentges  for  his  assistance 
with  the  measurement  preparations. 
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Abstract 

In  Photo-Iiyectors  (PI)  electron  guns,  electrons  are  emitted 
from  a  photocathode  by  a  short  laser  pulse  and  then 
accelerated  by  intense  RF  fields  in  a  resonant  cavity.  The  best 
known  advantage  of  this  technique  is  the  high  peak  current 
with  a  good  emittance  (high  brightness).  This  is  important  for 
short  wavelength  Free-Ekctron  Lasers  and  linear  colliders. 
Pis  are  in  operation  in  many  electron  accelerator  facilities 
and  a  large  number  of  new  guns  are  under  construction. 
Some  specialized  applications  have  emerged,  providing,  for 
example,  very  high  pulse  charges.  PI  have  been  operated  over 
a  wide  range  of  frequencies,  from  144  to  3000  MHz  (a  17 
GHz  gun  is  being  developed).  An  exciting  new  possibility  is 
the  development  of  superconducting  Pis.  A  significant  body 
of  experimental  and  theoretical  work  exists  by  now, 
indicating  the  criticality  of  the  accelerator  elements  that 
follow  the  gun  for  the  preservation  of  the  Pi's  performance  as 
well  as  possible  avenues  of  improvements  in  brightness. 
Considerable  research  is  being  done  on  the  laser  and 
photocathode  material  of  the  PI,  and  improvement  is  expected 
in  this  area. 

INTRODUCTION 

Since  the  introduction  of  Photo-Injectors  (Pis)  [1] 
about  eight  years  ago,  this  new  field  has  experienced  an 
exponential  growth.  It  is  easy  to  understand  the  trend  since 
there  is  a  continuing  demand  for  improved  injectors  for 
electron  linacs.  Free-Electron  Lasers  (FELs)  require  high 
brightness.  Linear  colliders  also  require  high-charge,  low 
emittance,  short  pulse  bunch  trains,  either  for  the  accelerated 
beam  or  for  the  generation  of  rf  power.  With  the  rapid  growth 
in  the  number  of  projects,  the  experimental  and  theoretical 
results  and  the  diversity  of  applications,  there  has  been  a 
continued  improvement  in  the  performance  of  these  devices. 
Furthermore,  this  performance  has  a  considerable  influence 
of  the  trends  in  related  areas.  For  example,  due  to  the 
availability  of  high -brightness  Pis,  there  is  a  significant 
progress  in  the  design  of  Fourth-Generation  Light  Sources 
based  on  linacs  [2].  A  number  of  good  recent  reviews  of 
microwave  guns  are  available  [3,4] 

The  basic  principle  of  the  PI  is  simple:  short  bunches 
of  electrons  are  generated  by  laser  pulses  incident  on  a 
photocathode  located  inside  an  rf  accelerating  structure.  The 
structure  is  operated  at  a  high  accelerating  field  to  make  the 
electron  bunch  relativistic  in  a  short  distance.  Thanks  to  the 
combination  of  the  high  surface  field  on  the  cathode  and  tire 


*  Work  supported  by  the  US  Department  of  Energy  under 
contract  No.  DE-AC02-76CH00016. 


high  yield  of  electronspossibk  by  photo  emission,  a  very 
large  current  density,  J  ~  10*  to  1(P  A/cm2,  is  possible.  This 
current  density  is  much  larger  than  that  possible  by 
thermionic  emission  (about  10  A/cm2).  The  normaliTivt 
thermal  rms  brightness  Bn,  (for  a  cathode  effective 
temperature  T)  is  proportional  to  the  current  density: 

Bn  s  2 In26~*  =  mc2j(2n*kT)  ' . 

Therefore  a  PI  can  deliver  a  very  large  brightness.  The  x- 
plane  normalized  rms  emittance  is  defined  here  as 

ex  s  ^[(x2 )({px  / me)2 )-{xpxlmc)2^  . 

The  rapid  acceleration  also  serves  to  reduce  the 
space-charge  induced  emittance  growth.  It  also  makes  the  PI 
a  very  compact  accelerator.  For  example,  the  3  1/2  cell  S- 
band  gun  designed  by  a  Grumman-BNL  collaboration 
provides  10  MeV  electrons  in  a  20  cm  long  structure  [$]. 

The  mode-locked  lasers  that  drive  the  Pis  provide 
interesting  possibilities.  The  pulses  can  be  made  extremely 
short  (to  sub  picosecond)  and  intense  (tens  of  nC  at  a  few  ps). 
The  spatial  and  temporal  laser  power  distributions  can  be 
tailored  to  arbitrary  profiles.  Particular  profiles  can  lead  to 
the  reduction  of  the  emittance  of  the  PI  [6].  The  pulse  format 
is  very  flexible  and  pulse  trains  of  arbitrary  length  and 
spacing  can  be  generated. 

THE  LASER  PHOTOCATHODE  RF  GUN 

A  1  1/2  cell  PI  is  shown  in  Fig.  1.  This  'BNL  Gun' 
design  [7,8]  and  somewhat  modified  versions  are  in  operation 
at  numerous  laboratories  around  the  world.  It  uses  a  metal 
photocathode  that  forms  part  of  the  wall  of  the  1/2  cell. 
Cathodes  can  be  changed  by  using  the  'choke  joint'  access 
port  The  rf  gun  is  a  resonant  x-mode  I'A  cell  cavity 
operating  at  2836  MHz.  The  78.73  mm  long  cavity  is  83.08 
mm  inner  diameter  and  its  beam  aperture  diameter  is  20  nun. 
It  has  a  Q  of  11900  and  a  shunt  impedance  of  37  MD/m, 
which  corresponds  to  a  beam  energy  of  4.63  MeV  at  a  struc¬ 
ture  peak  power  of  6.1  MW.  At  this  power,  the  peak  surface 
electric  field  is  119  MV/m  and  the  cathode  field  is  100 
MV/m.  These  operating  conditions  can  be  achieved  after  a 
few  days  of  careful  rf  conditioning.  The  if  field  contribution 
to  the  emittance  is  minimized  in  two  ways.  The  first  of  these 
uses  a  choice  of  an  optimal  phase  of  the  laser  pulses  relative 
to  the  rf  wave  for  minimum  emittance  at  the  gun  output.  The 
other  involves  providing  a  nearly  linear  dependence  of  the 
transverse  fields  on  beam  radius  by  a  suitable  cell  design.  To 
reduce  the  non-linear  field  components,  the  aperture  can  be 


0-7803-1203- 1/93S03.00  © 1993  IEEE 


2962 


shaped  to  approximate  the  idealized  prescription  [8]  near  the 
aperture: 

r  =  Ja2  -(4 d /  7z)1  log(sin  ml 2J)j  where  a  is  the 

aperture  radius  and  d  is  the  length  of  the  cell.  We  have 
verified  that  this  prescription  does  indeed  significantly  reduce 
the  non-linear  transverse  fields  [5]  but  not  the  (space-charge 


dominated)  emittance.  With  the  advent  of  emittance 
correction  schemes  this  prescription  may  become  more 
important 

THE  PHOTOCATHODE  AND  LASER 

These  subjects  are  fundamental  to  the  performance 
of  the  PI,  however  they  are  too  vast  to  be  covered  here.  The 
ideal  photocathode  material  would  have  high  emission 
efficiency  (for  drive  laser  cost  containment)  and  high 
ruggedness.  A  study  of  various  materials  [9]  for  the  photoca¬ 
thode  has  shown  that  certain  metals  have  a  good  combination 
of  quantum  efficiency,  high  damage  thresholds,  and  good 
mechanical  and  chemical  stability.  Copper  and  yttrium  metal 
cathodes  proved  particularly  robust.  Yttrium  has  a  work 
function  of  about  3. 1  eV  and  a  quantum  efficiency  (QE)  of  up 
to  10~3  at  266  nm.  Copper's  work  function  is  4.3  eV  and  it 
has  a  QE  of  up  to  KT4.  Semiconductor  cathodes  such  as 
Cs3Sb  or  CsKjSb  offers  a  much  higher  QE,  up  to  several 
percent  at  S32  nm  (10],  but  require  a  much  better  vacuum 
and  have  short  lifetimes,  a  few  days  at  best.  Other  researchers 
[11]  work  on  the  improvement  of  the  QE  of  rugged  materials 
such  as  LaBg,  achieving  QE  of  up  to  7  10*4  at  355  nm.  The 
laser  power  required  to  drive  the  PI  increases  as  the  QE 
becomes  lower,  but  also  as  the  wavelength  used  is  shorter 
due  to  the  inefficiency  of  frequency  multiplication  (—0.5,  £ 
0.3  to  £0.2  for  2,3  and  4th  harmonics  of  the  ~lpm 
respectively  in  routine  operation).  It  is  reasonable  to  expect 
that  new  materials  will  emerge  with  significantly  higher 
quantum  efficiencies  as  well  as  ruggedness.  Furthermore,  an 
increase  of  the  efficiency  by  a  factor  of  3  has  been  observed  in 
a  PI  using  an  illumination  angle  of  70°  [12], 


The  laser  plays  a  significant  role  in  the  performance 
of  the  PI.  High  power,  short  pulse  lasers  are  complicated 
systems  and  require  considerable  attention.  Fortunately  the 
state-of-the-art  of  lasers  has  been  advancing  very  rapidly 
Diode  pumped  Nd:YLF  or  Nd:YAG  lasers  provide  short 
pulses  with  a  considerable  power  at  costs  of  about  S200k.  CW 
pumped  NdrYLF  amplifiers  can  provide  2  to  4  mJ/pulse  in 
the  IR  and  better  than  0.4  mj/pulse  quadrupled  (Oj,  about  2 
ps)  at  repetition  rates  of  multi  kHz.  Other  laser  systems  are 
based  on  a  Ti:  sapphire  oscillator  followed  by  various 
amplifiers,  such  as  Ti: sapphire,  alexandrite  or  excimer. 
While  these  systems  are  generally  more  expensive,  they 
provide  several  advantages  such  as  higher  repetition  rates  and 
the  possibility  of  shaping  the  temporal  intensity  of  the  laser. 

An  important  issue  is  the  phase  lock  stability 
between  the  laser  and  the  rf  system  of  the  gun  (and  linac). 
Sub  picosecond  phase  lock  systems  are  available 
commercially  for  Nd:YAG  and  Nd  YLF  lasers.  Recently  there 
have  been  reports  of  similar  or  better  performance  in 
Tirsapphire  lasers.  A  technique  of  direct  phase  measurement 
of  the  rf  to  laser  radiation  is  being  tested  [13].  This  method 
may  solve  the  problem  of  long-term  phase  drift  due  to 
temperature  or  barometric  pressure  changes. 

THEORETICAL  FRAMEWORK 

An  analytical  model  developed  by  K-J.  Kim  [14] 
provides  scaling  laws  that  provide  insight  into  the 
relationship  of  some  of  the  design  parameters  of  Pis.  Using 
practical  units,  we  have: 

eK  *  3.8  \03q{2ax  +  ab)~\^Sm^)~x 

8#*  2. 7  10s£of2a^ 

where  the  normalized  rms  emittance  contribution  due  to  rf 
fields  Ejf  and  that  due  to  space  charge  forces  are 
expressed  in  n  mm  mrad,  Eq  is  the  cathode  peak  electric  field 
in  MV/m,  f  is  the  gun  frequency  in  GHz,  q  is  the  charge  in 
nC,  related  to  the  peak  current  by  I=q/(2n)-5Ob,  where  05  is 
the  rms  bunch  length  in  ps  and  ox  is  the  rms  transverse  size 
in  mm.  <J>q  is  the  launch  phase,  typically  50°  to  60°. 

For  a  given  cathode  electric  field,  charge  and  beam 
size,  the  emittance  is  optimized  by: 

rop,  =  1.2  x  1 04 ( <t6 o^Sirt <t>0 )  V2 ( ab  +2a.r. 

and  then  the  optimized  total  emittance  (neglecting 
correlations  as  well  as  thermal  emittance)  is: 

^min  *K  +  4]'  2  »  5. 4  x  1 03 q{E^>in<t>0 )  '  {crb+  2<jx )  ' 

Since  the  minimum  emittance  is  proportional  to  the 
charge  q  (and  thus  to  the  peak  current),  the  highest 
brightness  is  not  necessarily  associated  with  the  highest 
charge.  Since  we  have  left  out  the  thermal  emittance  in  these 
expressions,  one  should  not  conclude  that  the  brightness  is 
maximized  for  a  vanishingly  small  charge. 
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The  minimum  emidance  (using  the  given  optimized 
frequency)  is  inversely  proportional  to  the  electric  field.  Thus 
dearly  for  a  given  set  of  beam  parameters  (charge,  bunch 
size),  we  would  like  to  apply  the  highest  possible  electric 
field.  As  we  increase  the  field  (ceteris  paribus)  the  optimal 
frequency  is  lowered.  However,  for  a  number  of  practical 
reasons  the  technically  achievable  field  is  smaller  at  lower 
frequencies.  At  some  field  and  frequency  the  PI  will  operate 
at  the  limit  of  breakdown  or  available  rf  power.  Once  we 
cross  that  limit  the  assumptions  of  the  optimization  break 
down  and  one  can  not  apply  these  results. 

The  beam  of  a  PI  has  significant  correlations  of  the 
longitudinal  position  and  transverse  phase  space.  This  is  the 
key  to  'emittance  correction'  schemes  (discussed  later  on). 
When  one  uses  an  emittance  correction  scheme  of  one  sort  or 
another,  the  space  charge  emittance  is  reduced.  This  will 
invalidate  the  conditions  of  the  calculation  presented  above, 
pushing  the  optimum  towards  lower  frequencies,  lower 
electric  fields  and  smaller  beam  size. 

It  is  instructive  to  compare  the  Kim  model  with 
beam  dynamics  modeling.  There  are  a  number  of  codes  in 
use,  eg.,  PARMELA  [15]  and  MAGIC  [16].  The 
comparison,  shown  in  Fig.  2,  has  been  done  with  the  MAGIC 
particle-in-cell  code  [5].  The  simulation  is  for  a  3  1/2  cell  PI 
operating  at  2856  MHz,  Eq=100  MV/m,  ox=4  mm  and  Oj,=2 
ps.  The  output  energy  is  10  MeV.  This  code  includes  the 
effect  of  image  currents,  space  charge,  and  wakefields.  The 
MAGIC  simulation  was  done  with  truncated  Gaussian 
distributions  in  r  and  t.  This  was  compared  to  Kim's  model 
with  a  full  Gaussian  distribution.  The  emittance  is  sesitive  to 
the  distribution  details,  thus  the  somewhat  better  emittance  of 
the  simulation  is  not  surprizing. 


Fig.  2.  Normalized  rms  emittance  vs.  charge  comparing  the 
MAGIC  code  to  Kim's  model. 


The  axisymmetric  gun  geometry  (2-D)  was  modeled 
with  the  exact  gun  fields.  This  is  accomplished  by 
prescribing  the  magnetic  field  for  the  fundamental  TMqi 


cylindrical  cavity  mode  and  allowing  the  cavity  to  ring  while 
numerically  damping  out  higher  order  modes.  The  fields  are 
then  stored  and  used  for  later  runs  with  particles.  The 
damping  of  higher  order  modes  is  turned  off  for  the  particle 
runs. 

The  advantage  of  using  the  MAGIC  codes  is  that  the 
field  components  at  the  cavity  apertures  and  beam  exit  are 
continuous,  the  method  of  calculating  the  space  charge  forces 
is  inherently  more  stable  and  wake  fields  are  included.  In  the 
computation  the  numerical  grid  for  calculating  the  fields  is 
made  very  fine  near  the  emission  spot  and  the  time  steps  are 
small  enough  to  avoid  plasma  frequency  and  grid  type 
instabilities,  and  to  properly  resolve  the  temporal  behavior  of 
the  wakefields.  The  agreement  between  simulation  and  model 
is  quite  good  for  such  a  closed-form  simple  model.  Thus  we 
may  use  the  model  for  initial  parameter  choice.  The  thermal 
emittance  was  left  out  of  the  model  (but  included  in  the 
MAGIC  calculation).  The  thermal  emittance  contribution  is 
difficult  to  estimate.  The  effective  energy  Ee  of  the 
photoemitted  electrons  is  not  well  determined  and  may  be 
anywhere  between  the  cathode  temperature  and  the  excess 
energy  of  the  photon  relative  to  the  work  function  modified 
1"  the  Schottky  effect  modified.  The  thermal  emittance  is 
given  by 


The  cathode  spot  size  is  set  to 


optimize  the  total  emittance  and  thus  depends  on  the  charge. 
Experimental  results  from  Pis  indicate  that  the  thermal 
emittance  can  be  neglected  at  charges  larger  than  1  nC. 


DESIGN  CONSIDERATIONS 

In  designing  a  PI  one  must  remember  that  it  is  but 
one  component  of  a  larger  complex  machine  including  an  rf 
source,  laser,  diagnostics,  beam  transport  system  and  an 
accelerator.  In  certain  designs  there  is  also  a  cathode 
preparation  system  and  an  UHV  system  or  a  cryogenic 
system.  To  design  a  PI  one  must  make  use  of  accelerator 
physics,  laser  technology,  rf  cavity  design  and  more.  The 
objective  is  not  always  a  high  brightness  beam,  but  may  be 
high  charge  pulses  or  high  duty  factor.  All  of  these 
considerations  influence  the  PI  design.  The  high  brightness  of 
the  PI  will  be  diluted  by  any  one  of  a  large  collection  of 
effects:  Wake  fields,  beam  transport  aberrations,  space 
charge  induced  emittance  growth  (both  linear  and  non¬ 
linear),  skew  quadrupoles  and  more.  For  example,  ambient 
magnetic  field  B  on  the  cathode  (from  magnetic  lenses  or  ion 
pumps),  produces  an  emittance  increase  given  by 


£„  « +  e2B2o4m  2C  2]  .  Thus  fields  of  the  order  of 

10  gauss  may  be  detrimental. 

The  phase  space  beam  parameters  of  a  PI  electron 
bunch  are  highly  correlated,  leading  to  emittance  growth  on 
one  hand  but  to  emittance  correction  possibilities  on  the 
other.  Space-charge  forces  produce  an  energy  spread  in  the 
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bunch.  This  energy  spread  may  appear  in  the  middle  of  a 
magnetic  transport  system  designed  to  be  achromatic  and 
defeat  the  achromaticity.  Good  design  practices  call  for  a 
rapid  acceleration  of  the  beam  to  a  few  tens  of  MeV  before 
applying  dipole  fields.  Thus,  magnetic  pulse-compression  is 
better  done  above,  say,  70  MeV.  Pulse-compression  has 
always  been  part  of  conventional  electron  gun  technology. 
Although  the  beam  pulses  of  a  PI  start  out  short,  the 
brightness  can  be  further  increased  by  magnetic  pulse- 
compression.  A  PARMELA  simulation  of  the  magnetic  pulse- 
compression  at  about  80  MeV,  the  peak  current  of  a  7  ps 
long,  2.5  nC  bunch  was  increased  by  a  factor  of  3  to  800  amp. 
The  emittance,  about  4  tt  mm  mrad  before  compression, 
increased  to  6  it  mm  mrad  in  the  bending  plane  and 
unchanged  off  the  bending  plane  [17],  The  accepted  estimate 
of  the  emittance  increase  due  to  magnetic  compression  is 

A en  «  Sly1  ■  This  is  much  smaller  than  the  simulation 
result,  suggesting  that  some  improvement  may  be  made  in  the 
magnetic  compressor  optics. 

An  interesting  PI  subject  is  emittance  correction.  We 
define  the  'slice-emittance'  as  the  transverse  emittance 
measured  for  a  short  longitudinal  slice  of  the  bunch.  It  has 
been  observed  [18,19]  that  the  slice-emittance  is  considerably 
smaller  than  the  total  emittance  (that  is  integrated  over  the 
full  length  of  the  bunch).  This  effect  is  due  to  the  variation  of 
the  space-charge  force  as  a  function  of  longitudinal  position 
in  the  bunch.  Carlsten  [18]  proposed  a  simple  scheme  of 
reducing  the  total  emittance  by  using  the  space-charge  force 
to  compensate  its  own  effect.  The  method  employs  a  lens  set 
to  produce  a  beam  size  extremum  with  no  cross-over.  The 
electrons  'reflect'  relative  to  the  beam  axis  due  to  space- 
charge  forces.  This  condition,  that  can  restore  the  effects  of 
the  linear  space-charge  force,  has  been  verified  in 
experiments  (see  next  section).  It  has  been  assumed  that  to 
produce  this  emittance  correction  a  solenoid  lens  must  be 
placed  in  proximity  to  the  cathode  and  the  cathode  field  must 
not  exceed  a  certain  limit.  This  assumption  has  been  proven 
wrong  [17,20],  A  PARMELA  simulation  and  an  analytic- 
approximate  model  show  that  this  correction  can  be  applied 
to  a  1  1/2  cell  BNL  gun  operating  at  100  MV/m  with  a 
solenoid  placed  at  the  exit  of  the  gun.  A  drill  space  and 
accelerating  structure  follow  the  lens.  The  acceleration 
'freezes'  the  corrected  emittance  against  further  space-charge 
effects. 

The  Carlsten  technique  corrects  linear  space-charge 
effects.  Other  correction  schemes  have  been  proposed 
[6,19,21]  to  produce  the  same  correction  by  laser  pulse 
shaping.  Radio  Frequency  Quadrupolcs  and  asymmetric  rf 
cavities,  respectively.  However  the  Carlsten  scheme  is  simple 
and  has  been  tested  experimentally.  Other  correction  schemes 
have  been  proposed  to  correct  rf  time  dependent  effects  [22] 
and  non-linear  space-charge  effects  [21,23],  Finally,  a 
correction  scheme  for  ultra-short,  disk-like  bunches  using  an 
optimized  charge  distribution  has  been  proposed  by  Serafini 
[24], 


The  emittance  correction  techniques  are  expected  to 
exert  a  significant  influence  on  the  design  of  future  Pis.  The 
optimization  strategy  described  above  leads  a  choice  of 
frequency  and  cathode  field.  When  an  emittance  correction 
scheme  is  in  use  the  optimal  frequency  will  be  lower  and  the 
usable  bunch  length  longer.  Alternately  the  same  gun 
parameters  may  be  used  to  produce  a  higher  charge.  At  the 
higher  charges,  more  attention  will  be  necessary  to  non-linear 
space-charge  effects  and  it  is  expected  that  non-linear 
correction  techniques  will  be  necessary. 

Another  interesting  line  of  RAD  is  the  super¬ 
conducting  PI  [25],  This  device  holds  the  promise  of  cw 
operation  at  very  low  rf  power.  Since  the  rf  power  is  the 
largest  cost  item  in  a  PI,  superconducting  devices  also  hold 
the  promise  of  lower  system  cost. 

MEASURED  PERFORMANCE 

By  now  there  have  been  many  experimental  results 
of  PI  performance.  In  general,  careful  experiments  are  in 
agreement  with  the  simulation  codes,  thus  it  can  be  concluded 
that  the  better  computer  codes  have  been  benchmarked. 


Fig.  3.  Normalized  rms  emittance  vs.  charge  for  a  the  Boeing 
PI  compared  to  Kim's  model. 


Fig.  4.  Normalized  rms  emittance  vs.  charge  for  the 
LANL/HIBAF  PI  compared  to  PARMELA  (with  wake  field) 
simulation  and  Kim's  model. 
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Of  the  most  recent  results,  the  Boeing  [26]  and  Los 
Alamos  [27,28]  results  are  noteworthy.  The  Boeing  two  cell 
PI  is  impressive  not  only  in  its  emittance  results,  shown  in 
Fig.  3,  but  also  in  its  duty  factor  of  23%.  Such  a  PI  would  be 
ideally  suitable  for  very  high  average  power  FELs  and 
perhaps  linear  colliders.  It  operates  at  a  frequency  of  0.433 
GHz,  a  cathode  field  of  26  MV/m  a  radial  bunch  size  of  cx= 2 
nun  and  longitudinal  size  of  05=20  ps.  The  final  energy  is  3 
MeV.  A  focussing  solenoid  is  placed  between  the  two  cells. 
From  the  comparison  to  Kim's  model  clearly  the  emittance 
correction  used  in  the  experiment  is  very  effective.  The 
PARMELA  simulation  (using  the  90%  beam  emittance)  is  in 
good  agreement  with  the  experiment. 

The  Los  Alamos  gun  design  has  been  evolving  from 
the  original,  single  cell  design  to  the  six  cell  HIBAF  injector 
[10]  to  the  11  cell  AFEL  integrated  gun/linac  design  [28], 
The  HIBAF  emittance  measurements[27]  are  shown  in  Fig.  4. 
This  six  cell  1.3  GHz  PI  operated  at  Eq=24.5  MV/m,  ox=3-5 
nun,  05=6.6  ps.  The  emittance  is  measured  after  acceleration 
to  36  MeV.  This  PI  has  been  the  first  to  use  the  Carlsten 
emittance  correction  technique.  Fig.  4  shows  clearly  the 
correction  relative  to  Kim's  model  prediction  for  an 
uncorrected  emittance.  The  measurement  is  bracketed  by  two 
PARMELA  simulations.  One,  which  includes  wake-field 
effects  (shown  in  Fig.  4)  predicts  a  somewhat  larger 
emittance.  The  other  (not  shown)  predicts  a  slightly  better 
emittance.  Both  show  clearly  the  emittance  correction  at 
work. 


Fig.  5.  Normalized  rms  emittance  vs.  charge  for  the 
LANL/AFEL  PI  experiment  and  PARMELA  simulation. 


The  best  performance  in  terms  of  emittance  at  a 
given  charge  belongs  to  the  LANL  AFEL  PI  [28],  shown  in 
Fig.  5.  This  11  cell  gun  operates  at  Eo=20MV/m  with  a 
Cs^Sb  cathode,  final  energy  12  MeV.  The  laser  FWHM 
pulse  width  is  9  ps.  The  thermal  emittance  calculated  for  the 
4  mm  radius  cathode  spot-size  is  1.25  n  mm  mrad,  assuming 
thermalized  photoelectrons.  The  design  final  energy  is  20 
MeV.  A  better  brightness  is  expected  at  that  energy. 

The  PARMELA  simulation  suggests  that  we  may 
expect  even  better  experimental  results  from  this  PI. 
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Abstract 

Tests  of  the  Boeing  Average  Power  Laser  Experiment  (APLE) 
injector  have  demonstrated  first-time  operation  of  a 
photocathode  RF  gun  electron  accelerator  at  25%  duty  factor. 
The  multi-alkali  photocathode  was  illuminated  by  a  frequency- 
doubled,  mode-locked  NdrYLF  laser.  The  cathode  was  placed 
in  the  first  cell  of  four  single-cell  cavities  resonant  at  433 
MHz.  The  4  cavities  accelerated  the  beam  to  5  MeV.  The 
pulse  duration  was  8.3  ms  and  the  repetition  rate  was  30  Hz. 
True  average  beam  currents  of  up  to  35  mA  have  been 
accelerated  to  5  MeV  for  an  average  beam  power  of  170 
kilowatts.  The  35  mA  beam  current  exceeded  previous 
photocathode  performance  by  a  factor  of  1000. 

I.  INTRODUCTION 

In  order  to  increase  the  output  power  of  free-electron  lasers 
(FELs),  it  is  necessary  to  increase  the  electron  beam  duty 
factor  while  maintaining  excellent  beam  quality.  In  recent 
years,  the  photocathode  RF  gun  injector  has  demonstrated  the 
required  beam  quality  at  duty  factors  in  the  range  of  a  few 
hundredths  of  one  percent  1  .  However,  questions  remained 
concerning  photocathode  lifetime  at  high  RF  duty  factor  due  to 
vacuum  contaminants  or  damage  by  the  drive  laser. 

The  APLE  injector  test  results  presented  here  demonstrate  the 
successful  operation  of  a  photocathode  RF  gun  at  duty  factors 
up  to  25%.  The  APLE  injector  operating  parameters  are  given 
in  Table  I. 


n.  DESCRIPTION  OF  THE  PHOTOINJECTOR 

The  APLE  RF  photocathode  gun  injector  consists  of  two  low 
beta  RF  cavities  operating  at  433  MHz  with  a  K2CsSb  multi¬ 
alkali  cathode  residing  at  one  end  of  the  first  cavity.  These 
two  cavities  accelerate  the  electrons  to  1.8  MeV  and  are 
followed  by  two  additional  433  MHz  cavities,  which  further 
accelerate  the  .beam  to  5  MeV.  Solenoids  provide  an  axial 
magnetic  field  to  contain  the  electrons  during  acceleration. 
The  accelerator  beamline  uses  three  quadrupole  doublets  to 
transport  the  beam  on  a  path  through  a  three-dipole,  doubly- 
achromatic  chicane,  or  with  the  chicane  dipoles  off,  straight 
ahead  to  a  high-power  beam  dump.  The  first  quadrupole 
doublet  is  also  used  to  prepare  the  beam  for  the  emittance 
measurements  on  the  view  screens  SCI  and  SC2.  Ferrite 
current  monitors  and  stripline  beam  position  monitors  are  used 
to  determine  the  beam  charge,  current  and  location  without 
intercepting  the  beam.  The  stripline  measurements  are 
especially  important  during  high-power  operation.  A  current 
monitor,  CM1,  located  between  the  two  pairs  of  RF  cavities, 
and  the  drive-laser  intensity  are  monitored  to  determine  the 
photocathode  quantum  efficiency  and  lifetime.  Figure  1  shows 
the  overall  configuration  of  the  APLE  injector  experiment 
including  both  the  beamline  components  and  the  optical  path 
of  the  drive  laser.  The  optical  path  between  the  laser  room  and 
the  photocathode  in  the  accelerator  pit  is  approximately  30 
meters. 


Table  I 

Operating  Parameters  of  the  APLE  Injector 


Photocathode  Parameters: 
Photosensitive  Material 
Quantum  Efficiency 
Peak  Current 
Cathode  Lifetime 

Gun  Parameters: 

Cathode  Gradient 

RF  Frequency 

Final  Energy 

Duty  Factor 

Energy  Spread 

Emittance  (four  x  RMS) 

Charge 


K2CsSb  Multi-alltali 
5%  to  12% 

132  amperes 
1  to  10  hours 


26  MV/meter 
433  x  10®  Hertz 
5  MeV 

25% 

100  to  150  keV 
20  to  40  pi*mm*mrad 
1  to  7  nCoulomb 


Laser  Parameters: 

Micropulse  Length 
Micro  pulse  Frequency 
Macropulse  Length 
Macropulse  Frequency 
Wavelength 
Spot  Size 

Angle  of  Incidence 
Distribution 
Micropulse  Energy 
Energy  Stability 


53  p».  FWHM 
27  x  10®  Hertz 
10  ms 
30  Hertz 
527  am 

3-5  mm  FWHM  at  the 

cathode 

normal 

gaussian,  space  and  time 
.47  microJoule 
1%  to  5% 


*Work  supported  by  USASSDC/BMD  contract  DASG60-90-C-0106. 
0-7803-1203- 1/93S03.00  6  1993  IEEE 
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Figure  1.  The  Average  Power  Laser  Experiment  (APLE)  RF  gun  photoinjector.  The  photocathode  resides  at  one  end  of  the  first 
RF  cavity  and  is  illuminated  by  a  527  nm  drive  laser.  The  drive  laser  is  injected  using  a  small  off-axis  minor.  The  emittance 
growth  is  controlled  by  the  injector  coil  and  permanent  magnet  correctors  located  between  the  first  two  cavities. 


The  photocathode  is  illuminated  by  a  frequency-doubled,  cw 
mode-locked  NdiYLF  drive  laser  which  is  injected  slightly  off 
axis  of  the  electron  beam,  striking  the  cathode  at  near-normal 
incidence.  The  drive  laser  details  have  been  discussed 
elsewhere?  An  optical  mask  slighdy  truncates  the  tails  of  the 
gaussian  drive  laser  beam  to  reduce  the  beam  intensity  by  only 
20  to  30%.  Computer  simulations3  indicate  the  electron 
beam  emittance  is  sensitive  to  the  drive  laser  shape  and  predict 
that  a  sharp-edged,  top-hat  profile  leads  to  the  best  emittance. 
Therefore,  the  emittances  presented  in  this  paper  are  not 
necessarily  the  best  achievable  by  this  photoinjector. 

HI.  EMITTANCE  MEASUREMENTS 


Figure  2.  Optimized  emittance  as  a  function  of  micropulse 
charge.  The  90%  and  95%  PARMELA  emittances  exceed  the 
measured  four  tunes  rms  emittances. 


The  electron  beam  emittance  was  determined  using  the  two- 
screen  method4.  The  beam  profiles  were  verified  to  be 
gaussian  in  shape  for  90%  to  95%  of  the  beam  intensity. 
This  justified  quoting  the  four  times  rms  emittance  as  the 
approximate  93%  emittance. 

Figure  2  shows  the  emittance  measured  at  charges  of  1,  3,  5 
and  7  nC  per  micropulse.  For  these  measurements,  the  beam 
pulse  format  was  1  hertz  with  100  microsecond- long 
macropulses.  This  format  was  chosen  to  limit  damage  to  the 
view  screens.  The  profiles  were  obtained  by  orthogonal 
projection.  The  experimental  data  (shown  with  error  bars)  are 
the  best  emittances  at  each  micropulse  charge.  The  optimum 
value  was  experimentally  obtained  by  tuning  the  injector  coil 
current  The  experimental  emittance  approximately  follows 
the  linear  dependence  of  (12.7  a  +  4xQ)  mm*mR  where  Q  is 
the  micropulse  charge  in  nanocoulombs. 


A  customized  PARMELA  was  necessary  to  properly  model 
misalignments  of  the  injector  coil  and  their  correction  by 
permanent  magnet  dipoles3.  The  emittances  are  calculated  by 
circumscribing  90%  and  95%  of  the  macroparticles  (usually 
numbering  2000)  in  transverse  phase  space  with  ellipses.  The 
ellipse  areas  are  proportional  to  the  emittance. 

The  calculated  emittances  are  higher  than  the  experimental 
values  at  all  measured  beam  charges.  A  partial  explanation 
involves  the  five  to  ten  percent  of  the  beam  which  is  outside 
the  assumed  gaussian  beam  shape.  Beam  halo  experiments 
performed  during  the  high-duty  test  indicated  that  the  halo 
emittance  at  3  nC  per  micropulse  is  approximately  200  x 
mm*mR.  Adding  this  emittance  with  the  four  times  rms 
emittance,  with  each  weighted  by  its  respective  fraction  gives 
38.8  xmm*mR,  only  five  percent  largo’  than  37  xmm»mR, 
the  four  times  rms  value  and  cannot  fully  account  for  the 
discrepancy  with  PARMELA. 


The  emittances  calculated  with  a  customized  version  of 
PARMELA  using  the  experiment  conditions  are  also  shown 
in  figure  2. 
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IV.  High-Duty  Test  Results 

At  average  beam  powers  in  the  range  of  170  kW,  it  was 
essential  to  operate  the  injector  at  low  emittance  and  with 
minimum  beam  halo.  It  was  equally  important  to  carefully 
adjust  the  beam  transport  to  the  dump,  since  only  a  tenth  of 
the  beam  power,  if  focused,  would  damage  the  vacuum  pipe, 
or  if  defocused,  would  lead  to  significant  vacuum  outgassing. 
Several  beam  interlocks  were  used  to  turn  off  the  drive  laser  or 
crowbar  the  RF  system  in  the  event  of  unsafe  operating 
conditions.  These  interlocks  included  the  RF  cavity  and 
beamline  vacua,  cavity-reflected  RF  power,  beam-loss 
radiation  detectors,  and  beamline  and  beam-dump  temperature 
measurements.  In  addition,  the  last  current  monitor  in  the 
beamline  was  used  to  detect  the  absence  of  electron  beam  when 
the  drive  laser  was  present  This  loss-of-beam  interlock  had  a 
response  time  of  a  few  microseconds  and  was  especially 
effective  in  protecting  the  beamline  during  an  RF  system 
crowbar.  These  interlocks  allowed  safe  operation  of  the 
injector  at  the  higher  beam  powers. 

Conditioning  the  APLE  injector  for  high-duty  factor  operation 
was  quite  similar  to  the  seasoning  of  a  high-power  klystron. 
When  the  duty  factor  is  increased,  the  accelerator  gas  load 
quickly  rises  and  the  beam  has  to  be  turned  off  to  allow  the 
beamline  and  beam  dump  to  recover.  During  repeated  high- 
duty  operation,  the  beam  line  and  beam  dump  are  scrubbed  by 
the  electron  beam,  and  die  improved  vacuum  allows  longer  run 
times.  This  means  that  operating  time  at  high  beam  power 
depends  both  upon  the  beam  quality  and  transport  efficiency, 
and  ultimately,  on  the  history  of  conditioning  performed  at 
high  power. 

Figure  3  shows  the  electron  beam  micropulse  charge  and  the 
average  beam  power  for  three  successive  runs  at  duty  factors 
between  13%  and  23%.  The  micropulse  charge  was  5  nC  or 
greater,  and  the  average  beam  power  ranged  from  80  to  170 
kW.  It  is  significant  that  these  three  runs  were  performed 
using  the  same  photocathode  which  survived  repeated  beam 
shut  down  while  operating  at  high  beam  power.  This  result 
demonstrates  that  high  quantum  efficiency,  multi-alkali 
photocathodes  can  be  used  to  generate  high  current  beams  for 
high  duty  factor  free-electron  lasers.  The  cathode  1/e  lifetime 
in  this  case  was  2.7  hours.  The  second  important  feature  of 
figure  3  is  that  the  runs  lasted  one  to  three  minutes,  and  were 
not  single  high-power  shots.  As  discussed  before,  the  length 
of  the  runs  was  limited  principally  by  beamline  and  beam 
dump  vacuum  conditioning  and  to  a  lesser  extent  by  RF  power 
system  reliability. 

The  1/e  lifetimes  for  the  photocathodes  used  during  the  high- 
duty  test  are  given  as  a  function  of  duty  factor  in  figure  4. 

The  static,  or  no  beam  (0%  duty  factor  data),  lifetimes  range 
from  less  than  an  hour  to  ten  hours,  resulting  from 
experiments  performed  under  a  wide  range  of  vacuum  and 
cathode  conditions.  From  1%  to  23%  duty  factor,  the  average 


lifetime  is  2.3  hours,  which  again,  demonstrates  cathode 
lifetime  is  not  dependent  upon  duty  factor  but  depends  instead, 
upon  the  static  or  low-power  vacuum  pressure. 


Laps*  Tim*  (minuHi) 

Figure  3.  APLE  injector  accelerated  micropulse  charge  and 
average  beam  power  for  three  successive  runs  on  the  same 
cathode.  The  duty  factors  ranged  between  1S%  and  23%. 


Duty  Falf 

Figure  4.  The  photocathode  1/e  lifetime  measured  from  .1%  to 
25%  duty  factor.  Above  1%,  the  average  lifetime  was  2.3  hours 
with  no  significant  dependence  upon  duty  factor  or  beam  power. 

V.  SUMMARY  AND  CONCLUSIONS 

This  work  demonstrates  the  first-time  operation  of  a 
photocathode  injector  at  high-average  power.  The  APLE 
injector  has  been  successfully  operated  at  average  beam  powers 
up  to  170  kW,  with  a  beam  energy  of  5  MeV.  The  average 
cathode  1/e  lifetime  was  2.3  hours  and  was  independent  of  the 
electron  beam  duty  factor  and  beam  power.  Work  is  currently 
underway  to  incorporate  this  injector  into  an  18  MeV 
accelerator  as  part  of  an  average-power  free-electron  laser. 
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Abstract 

Free-electron  lasers  and  high-energy  physics  accelerators 
haveincreased  the  demand  for  very  high -brightness  beam  sources. 
This  paper  describes  the  design  of  an  accelerator  which  has 
produce  beams  of  2.1  n  mm-mrad  at  1  nC  and  emittances  of  3.7 
and  6  J  x  mm-mrad  for  2  and  3  nC,  respectively.  The  accelerator 
has  been  operated  between  10  and  18  MeV.  The  beam  emittance 
growth  in  the  accelerator  is  minimized  by  using  a  photoinjector 
electron  source  integrated  into  the  design  of  the  linac,  a  focusing 
solenoid  to  correct  the  emittance  growth  caused  by  space  charge, 
and  a  special  design  of  the  coupling  slots  between  accelerator 
cavities  to  minimize  quadrupole  effects. 

Introduction 

Anew  accelerator  design  that  produces  a  very  bright  electron 
beam  in  a  compact  form  has  been  constructed  through  the 
Advanced  Free-Elcctron  Laser  Initiative  (AFELI)  [1]  at  Los 
Alamos  National  Laboratory.  State-of-the-art  components  were 
incorporated  so  that  the  FEL  system  will  be  compact,  robust,  and 
user  friendly. 

The  design  goals  for  the  accelerator  were:  greater  2  nC 
charge  per  micropulse  and  an  effective  emittance  of  less  than  5 
it  mm-mrad.  Simple  design  is  accomplished  by  using  a  single 
radio-frequency  feed  to  drive  the  entire  accelerator  structure. 
The  accelerator  (Fig.  1)  design  has  the  following  features: 
maximum  20-MeV  output  energy,  maximum  average  cell 
gradients  of  22  MeV/m,  up  to  100-Hz  repetition  rate,  up  to  30- 
ps  long  macropulses,  8-  to  20- ps  long  micropulses,  and  liquid- 
nitrogen  operation  capability.  The  accelerator  operates  with  a 
1300-MHz,  17-MW-peak-power  klystron.[l] 

Simulations 

The  following  definition  is  used  for  the  normalized  rms 
emittance  in  the  simulations, 

e„  —  Pyex  s^ipy[<x2xx’2>-<xx’>2]1/2, 

where  y  is  the  relativistic  factor,  0  is  the  particle  velocity,  divided 
by  the  speed  of  light,  x  is  the  transverse  beam  size,  x’  is  the 
transverse  beam  divergence,  and  ex  is  the  unnormalized  emittance. 
The  emittance  is  calculated  in  two  ways.  The  “full”  emittance 
is  calculated  in  the  conventional  manner  by  using  the  entire 
micropulse  in  time  ami  space. 


•Work  supported  by  Los  Alamos  National  Laboratory  Institutional 
Supporting  Research,  under  the  auspices  of  the  United  States 
Department  of  Energy. 
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Figure  1.  AFEL  linac  schematic.  The  focusing  solenoid  provides 
compensation  of  space-charged  induced  emittance  growth.  The  Bucking 
Solenoid  is  adjusted  to  give  zero  field  at  the  surface  of  the  cathode.  The 
LINAC  is  an  eleven-cell  pi/2-mode  structure.  The  LINAC  can  be 
operated  from  77 K.  to  greater  than  400K.  The  support  structures  allow 
only  rotation  of  the  accelerator  on  cool-down,  not  translation. 

The  “slice”  emittance  is  calculated  by  dividing  a  micropulse 
into  slices  in  time  equal  to  a  slippage  length  (the  slippage  length 
is  the  wavelength  of  the  light  times  the  number  of  wiggler 
periods).  To  ensure  enough  particles  are  in  a  slice  to  give 
reasonable  statistics,  the  smallest  time  slice  is  limited  to  1%  of 
the  total  pu  Ise  length  (4000 particles  were  used  in  the  simulations). 
We  calculate  the  slice  emittance  because  the  electrons  are  not 
matched  to  the  wiggler  over  the  entire  pulse,  but  only  for  the 
middle  portion  (in  time)  of  the  pulse.  Because  temporal  mixing 
can  occur  downstream  of  the  accelerator,  the  use  of  slice 
emittance  is  only  valid  at  the  location  of  the  wiggler. 

Emittance  Compensation 

Surrounding  the  first  few  cells  is  a  large  focusing  solenoid. 
The  use  of  a  solenoid  to  correct  emittance  growth  caused  by  space 
charge  has  been  discussed  in  detail  in  several  papers.[2]  A  brief 
explanation  of  emittance  compensation  follows.  As  an  electron 
bunch  leaves  the  cathode,  the  bunch  expands  radially  because  of 
radial  space  charge  forces.  Since  the  space  charge  force  acts 
continuously  on  the  bunch,  no  single  discrete  lens  can  compensate 
for  the  distortion  of  the  distribution  in  phase  space.  However,  a 
simple  lens  can  be  used  to  focus  the  bunch.  Then,  to  the  first  order, 
the  same  forces  that  acted  on  the  bunch  during  expansion  are 
present  while  the  bunch  is  focused.  Thus,  the  emittance  growth 
that  has  occurred  can  be  significantly  reduced  by  proper  lens 
placement.  The  position  and  magnitude  of  the  lens  is  determined 
using  PARMELA  simulations.  To  accurately  render  the  solenoid 
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field  profiles,  we  incorporated  the  POISSON  field  maps  of  the 
solenoid  directly  into  a  modified  version  PARMELA. 

Coupling  Slot  Arrangement 

The  standing-wave,  1300-MHz,  x/2-mode  accelerator  is 
designed  with  on-axis  coupling  slots  [2].  By  incorporating 
MAFIA  field  maps  of  the  coupling  slots  into  PARMELA,  we 
found  that  coupling  cells  with  only  two  coupling-slots  produced 
a  quadrupole  lens  in  every  accelerator  cell.  Therefore,  it  was 
necessary  to  change  the  coupling  slot  geometries  to  eliminste 
asymmetric  focusing  in  the  accelerator. 

The  effect  of  coupling  slots  is  significant  for  very  high¬ 
brightness  beams.  A  single  slot  produces  a  dipole  lens,  two  slots 
produce  a  quadrupole  lens,  four  slots  produces  an  octupole  lens, 
and  so  on.  Each  accelerator  cell  (except  thecellsat  the  accelerator 
ends)  has  coupling  slots  on  each  half  of  an  accelerator  cell.  The 
relative  orientation  of  the  slots  on  either  end  of  the  cell  will 
determine  the  relative  angle  of  the  corresponding  lens.  The  two- 
coupling-slot  configuration  gives  aquadrupole  lens  at  the  entrance 
and  exit  of  the  accelerator  cell.  The  orientation  of  the  slots  will 
determine  whether  the  focussing  due  to  the  quadrupole  lens  will 
add  or  subtract  in  each  cell.  Thus,  the  coupling  cells  can  be 
configured  such  that  the  fields  at  each  cell  end  cancel,  giving  a 
net  effect  close  to  zero  for  a  relativistic  beam. 

The  coupling-slot  design  for  the  AFEL  accelerator  uses  a 
four-coupling-slot  arrangement  for  the  first  two  cells.  Because 
the  four-slot  arrangement  has  no  quadrupole  component,  then  the 
first  two  cells  produce  no  beam  asymmetry.  The  four-coupling- 
slot  arrangement  cannot  be  carried  throughout  the  accelerator.  At 
high  currents  a  dipole  mode  will  build  up  which  is  easily  coupled 
through  a  four-coupling-slot  cell  and  causes  beam-breakup  for 
more  than  twe  cells.  After  the  beam  exits  the  first  two  cells,  the 
beam  is  relativistic,  and  the  remaining  cells  have  a  two-coupling- 
slot  arrangement  that  gives  a  very  small  net  quadrupole  focusing. 

Other  Design  Features 

The  first  cell,  a  half-cell,  is  9  mm  longer  than  one-half  of  a 
standard  1300-Mhz  cell.  A  longer  injection  cell  has  two 
advantages.  First,  the  exit  phase  of  the  electron  bunch  depends 
on  the  cell  length.  Since  the  AFEL  linac  has  a  single  rf  feed,  the 
proper  operating  phase  to  minimize  energy  spread  was  met  by 
adjusting  the  first  cell  length.  Second,  a  longer  first  cell  increases 
the  electron-beam  energy  at  the  exit  of  the  first  cell.  This  reduces 
the  space-charge  effects  and  helps  improve  the  final  emittance. 
The  exit  energy  from  the  first  cell  is  1 .5  MeV  instead  of  1 .0  Me V 
for  a  regular  half-cell. 

Other  engineering  features  of  the  AFEL  accelerator  are  the 
capability  of  operation  at  77K;  UHV  design;  and  high-Q,  high- 
gradient,  long-macropulse  accelerator  cells. 

Beam  Dependencies 

This  type  of  accelerator  is  unique  in  that  the  electron-beam 
distribution  does  not  mix  longitudinally.  With  no  mixing,  the  rms 
emittance  calculation  for  the  foil  pulse  overestimates  the  beam 


emittance.  Except  for  statistical  noise  caused  by  the  limited 
number  of  particles  in  the  simulation,  the  slice  emittance  is  time 
independent  during  the  micropulse.  However,  the  emittance  of 
the  foil  pulse  is  significantly  larger.  The  larger  full-pulse 
emittance  is  caused  from  the  variation  in  divergence  throughout 
the  micropulse. 

The  AFEL  is  designed  to  minimize  components  and  distances 
and  to  increase  reliability  and  ease  of  use.  However,  the  stability 
of  accelerator  operation  does  depend  strongly  on  a  few  parameters. 
The  parameters  that  must  be  tightly  controlled  are  the  radius  of  the 
cathode;  the  magnitude  of  the  solenoid  field  around  the  cathode 
region;  the  accelerator  phase;  and  the  magnitude  of  the  accelerator 
fields. 

Operation  of  the  Accelerator 

The  electron  source  is  a  Csl^Sb  photocathode.  The 
accelerator  pressure  is  maintained  at  8x1  O' 1 0 Torr.  The  beamline 
directly  downstream  of  the  accelerator  is  at  2xlO-8Torr.  Because 
of  contaminates  produced  during  operation  of  the  rf,  the  useful 
operational  lifetime  of  a  single  cathode,  for  a  minimum  1  nC,  is 

2  days.  The  accelerator  has  six  cathodes  available  in  a  cartridge 
type  system.  Thus,  the  cathode  cartridge  system  was  refreshed 
every  two  weeks.  Typical  time  to  replace  a  cartridge  pack  was  IS 
minutes.  After  replacement,  a  4  to  5  hour  bake  degassed  the 
components  exposed  to  air  (typically  done  during  the  night). 

The  drive  laser  was  Nd:YLF.  The  oscillator  produces  SO  ps 
micropulses  at  108  MHz.  The  pulses  are  then  compressed  with  a 
grating  pair  and  a  fiber-optic  line  to  8  ps.  After  compression,  two 
double-pass  YLF  amplifiers  are  used  to  increase  the  micropulse 
energy  to  2S  microjoules.  A  Pockels  Cell  is  used  to  obtain 
macropulses  which  ranged  from  a  few  micropulses  to  10 
microseconds.  A  KTP  crystal  is  then  used  to  double  the 
wavelength  to  S26  nm  with  a  micropulse  energy  of  8  micro  joules. 
The  gaussian  spatial  profile  of  the  laser  beam  is  sent  through  an 
iris  that  just  lets  the  middle  40%  of  the  light  pass.  This 
approximately-unifor m  spatial  profile  is  then  imaged  onto 
photocathode. 

The  accelerator  was  initially  conditioned  for  operation  from 
9  to  16  MeV.  Since  this  initial  conditioning,  the  maximum  energy 
has  been  extended  to  18  MeV  through  the  course  of  normal 
operation .  However  earlier  this  year,  after  a  year  of  operation,  the 
accelerator  has  begun  to  multipactor.  This  has  limited  the 
minimum  beam  energy  to  14  MeV.  Since  the  FEL  requires  an 
electron  energy  between  15  to  16.5  MeV,  cleaning  the  accelerator 
to  eliminate  the  multipactoring  will  be  done  at  later  date. 

Experimental  results 

The  emittance  measurements  were  taken  at  an  electron  beam 
energy  of  13  MeV.  A  quadrupole  is  positioned  30  cm  upstream 
from  an  OTR  screen.  The  FWHM  of  the  electron  beam  was 
measured  as  a  function  of  the  quadrupole  field  strength.  The  1  nC 
data  set  is  shown  in  Fig.  2.  Similar  sets  were  obtained  for  2  and 

3  nC  micropulse  charges. 

The  electron  beam  produced  by  this  accelerator  is 
characterized  by  a  bright  temporal  core  with  high-divergence 
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Figure  2.  Experimental  and  simulation  data  for  the  1  nC  emi  nance 
measurement  The  simulation  data  has  statistical  uncertainty  due  to  the 
finite  number  of  particles  and  the  distribution  of  simulstion  points  into 
bins.  The  solid  curve  is  a  fit  to  a  quadrupoie  scan  function  that  gives 
the  beam  emi  nance  and  other  beam  characteristics. 


Figure  4.  Comparison  of  experimental  and  simulation  results  for  several 
charges. 


wing*  at  the  front  and  back  of  the  pulse.  Very  little  charge  is 
present  in  these  wings,  but,  due  to  the  large  divergence,  the  wings 
significantly  increase  the  rms  emittaoce  of  the  beam.  Because  of 
the  small  amount  of  charge,  the  wings  are  too  tenuous  to  be 
observed  in  the  experimental  data. 

The  only  means  to  characterize  the  performance  of  the 
accelerator  is  to  also  simulate  the  quadrupoie  scan  with 
PARMELA,  and  then  compare  the  experimental  observable  -  the 
beam's  FWHM  size.  Figure  3  compares  the  foil  rms  emittance 
with  the  slice  emittance  and  the  emittance  as  calculated  by  using 
the  FWHM.  The  emittance  as  calculated  from  the  FWHM  is  very 
close  to  the  slice  emittance  (the  emittance  used  by  the  FEL). 

The  FWHM  simulation  results  for  the  1  nC  case  is  given  in 
Fig.  2.  The  agreement  between  the  experiment  and  simulation  is 
good,  indicating  that  the  accelerator  is  performing  as  designed 
fori  nC 
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CHARGE  (nC) 


The  eminences  for  1,  2,  and  3  nC  are  in  Fig.  4.  As  stated 
earlier,  the  agreement  is  good  for  1  nC.  However,  as  the  charge 
is  increased  the  experimental  emittance  is  larger  than  expected. 
We  have  not  explored  the  reason  for  the  increase. 

Summary 

At  1  nC,  the  emittance  of  2.1  ir  mm-mrad  is  in  good 
agreement  with  PARMELA  simulation.  The  measured  emittances 
for  2  and  3  nC  are  3.7  and  6.5  x  mm-mrad,  respectively. 
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Figure  3.  Comparison  of  PARMELA  emi  ttances  calculated  for  the 
whole  beam  (foil  rms),  for  the  rms  emittance  of  a  slice  (slice  rms),  and 
fix  the  FWHM  measured  from  the  plot  of  beam  particle  number  versus 
transverse  dimension  (FWHM). 
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Abstract 

For  the  1992  operating  cycle  of  the  SLAC  Linear  Collider 
(SLC),  the  polarized  electron  sorace  (PE S)  during  its  maiden 
ran  successfully  met  die  pulse  intensity  and  overall  efficiency 
requirements  of  die  SLC.  However,  the  polarization  of  the 
bulk  GaAs  cathode  was  low  (-27%)  and  the  pulse-to-pulse 
stability  was  marginal.  We  have  shown  that  adequate  charge 
for  the  SLC  can  be  extracted  from  a  strained  layer  cathode 
having  Pc~80%  even  though  the  quantum  efficiency  (QE) 
is  <1%.  The  recent  addition  of  a  separate  chamber  to  the 
FES— which  allows  cathodes  to  be  loaded  into  the  gun  after 
the  vacuum  bake  and  after  high  voltage  (HV)  processing 
without  breaking  vacuum — increases  the  reliability  for  achiev¬ 
ing  an  adequate  photoelectron  yield.  A  new  SLAC-built 
pulsed  Ti:  sapphire  laser  permits  operation  of  the  FES  at  the 
required  wavelength  with  sufficient  power  to  fully  saturate  the 
yield,  and  thus  improve  the  e~  beam  stability.  The  perform¬ 
ance  of  the  PES  during  the  1993  SLC  operating  cycle  with 
these  and  other  improvements  is  discussed. 

I.  INTRODUCTION 

In  1992,  during  the  first  SLC  run  with  a  polarized  beam, 
the  SLC  performance  was  an  impressive  improvement  over 
previous  years.  The  luminosity  of  the  accelerator  and  the 
efficiency  of  the  detector  were  improved  sufficiently  for  the 
SLAC  Large  Detector  (SLD)  to  log  over  10,000  Z°s  with  mi 
average  electron  polarization  at  the  Interaction  Point  (IP)  of 
23%  during  a  ran  of  approximately  four  months.  The  average 
(best)  luminosity  achieved  by  the  end  of  the  run  was  18  (25) 
Z°/hour.  The  goals  for  1993  were  to  achieve  at  least  50,000 
Z°s  on  tape  with  an  election  polarization  >35%  at  the  IP.  To 
meet  these  goals,  it  was  estimated  that  the  average  (peak) 
luminosity  should  be  about  23  (30)  Z°/hour.  As  shown  in 
Table  1,  the  SLC7SLD  are  well  on  the  way  to  meeting  these 
goals.  As  will  be  discussed  in  more  detail  below,  the  polariza- 
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tion  has  been  increased  to  >60%  at  the  IP,  and  the  average 
(peak)  luminosity  is  now  about  35  (45)  Z%,  or  in  excess  of 
500Z°/day. 

For  1993,  the  SLC  peak  luminosity  has  been  improved 
primarily  by  reducing  the  betatron  coupling  in  each  of  die 
Damping  Rings  (DR)  to  produce  flat  beams.  In  addition,  the 
average  luminosity  has  been  given  an  added  boost  by  careful 
attention  to  reliability  details,  leading  to  a  significant  increase 
in  efficiency.  To  improve  the  polarization,  the  energy  of  the 
e~  DR  was  increased  to  produce  die  correct  spin  precession  to 
the  linac-to-ring  (LTR)  spin  rotator,  thus  reducing  a  5% 
(relative)  depolarization  effect  to  -2%.  However,  the  primary 
reason  for  the  increased  polarization  of  the  electron  beam  is 
the  inaugu-ratkn  in  die  PES  of  specially  designed  cathodes 
that  remove  the  degeneracy  at  the  r  point  between  the  heavy- 
hole  and  light-hole  valence  bands.  Photoexcitation  of  such 
cathodes,  using  circularly  polarized  light  of  the  proper 
wavelength,  produces  highly  polarized  electrons. 

D.  CATHODES  FOR  HIGH  POLARIZATION 

The  theoretical  upper  limit  for  the  polarization  of 
photoelectrons  from  bulk-grown  NEA  GaAs  is  50%.  Typical¬ 
ly,  the  actual  polarization  is  much  lower  unless  very  thin 
active  layers  or  cryogenic  temperatures  are  used.  For  1992,  the 
SLC  PES  operated  with  a  bulk  GaAs  cathode  at  room  temper¬ 
ature,  resulting  in  a  polarization  at  the  source  of  only  27%  [1]. 

Highly  polarized  electrons  from  photocathodes  have  been 
the  focus  of  efforts  at  SLAC  and  other  laboratories  for  many 
yean.  The  first  demonstration  of  success  was  at  SLAC  [2]  in 
1991,  followed  soon  thereafter  by  similar  results  at  Nagoya 
[3].  The  technique  employed  is  to  introduce  a  uniaxial  tensile 
strain  in  the  growth  direction  by  growing  the  active  layer  on  a 
substrate  with  an  appropriately  smaller  lattice  constant.  Above 
a  certain  critical  thickness,  the  strain  thus  induced  will 
decrease,  so  the  active  layer  must  be  kept  no  thicker  than  a 
few  hundred  nanometers. 

A  crystal  cut  from  an  MOCVD-grown  [4]  2-inch  diameter 
wafer  having  a  300-nm  active  (strained)  layer  of  GaAs(100), 
Zn -doped  to  SxlO18  cm-3  and  grown  on  a  2.5  p-GaAso.76 
Po.24  sublayer,  was  measured  at  SLAC  to  have  a  peak  polari¬ 
zation  of  -80%  at  -860  nm  (room  temperature)  [5,6].  How¬ 
ever,  the  low  intensity  QE  measured  at  low  voltage  was  only 
-0.1%,  which  gave  rise  to  concern  that  it  might  be  difficult 
to  extract  the  high  peak  charge  needed  for  the  SLC  (10  nC  per 
microbunch  in  the  present  mode  of  operation). 

A  second  crystal  cut  from  the  same  wafer  was  tested  at 
HV  in  the  SLC  gun  [7]  in  a  laboratory  system  having  a  high 
power  laser  tuned  to  850  nm,  but  at  present  having  no 
polarimeter.  The  saturated  charge  (i.e.,  the  maximum  charge 
for  high  laser  power)  was  found  to  scale  linearly  with 
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Figure  1.  Schematic  of  the  SLC  PES  for  the  1993  SLC/SLD  run. 


cathode  bias,  whereas  for  a  low  intensity  laser,  the  log  of  the 
photocurrent  scaled  as  the  square  root  of  the  voltage  (the 
expected  Schottky  effect)  [8].  A  saturated  charge  of  19  nC, 
very  close  to  the  space  charge  limit  of  ~21  nC,  was  achieved 
at  120  kV  when  the  low  intensity  QE  was  1%  measured  at  830 
nm  and  120  kV.  The  improvement  in  QE  was  probably  due  to 
the  use  of  a  load-lock  system,  as  described  later.  This  crystal, 
together  with  a  third  from  the  same  wafer  was  in  the  cathode 
t»y  of  t«e  load  lock  when  the  polarized  source  was  installed 
at  the  SLC  for  the  1993  run. 

ffl.  RECENT  POLARIZED  ELECTRON 
SOURCE  IMPROVEMENTS 
The  pulsed  dye  laser  used  in  the  1992  run  was  limited  by 
power  and  lifetime  requirements  to  715  nm,  a  wavelength  too 
low  to  permit  any  polarization  gain  with  the  new  cathodes.  A 
new  NcLYAG  pumped  Ti:sapphire  laser,  Q-switched  and 
cavity-dumped,  designed  and  built  at  SLAC  [9],  was  installed 
for  this  run.  This  laser,  together  with  associated  beam  trans¬ 
port  optics,  provides  up  to  lOOpJ  energy  at  the  cathode  in 
each  2.0  ns  FWHM  micropulse  at  wavelengths  up  to  870  nm. 

The  addition  of  a  load  lock  that  allows  a  photocathode  to 
be  introduced  into  the  gun  chamber  after  the  chamber  is  baked 
and  HV  processed  has  proven  to  be  a  major  step  in  improving 
the  PES  performance  and  reliability  [10].  Up  to  four  cathodes 
can  be  stored  at  one  time  in  the  load-lock  system. 

Hie  cathodes  are  activated  in  the  load-lock  system,  in  part 
to  avoid  Cs  contamination  in  die  gun  itself.  Cathode  activation 


and/or  switching  of  cathodes  takes  about  8  hours,  followed  by 
a  period  of  10-20  hours  in  which  the  gun  shroud  is  purged  to 
remove  water  vapor  before  operating  at  HV.  For  simple  addi¬ 
tion  of  small  amounts  of  Cs  to  the  operating  cathode,  Cs 
channels  [11]  that  encircle  the  e"  beam  are  located  in  the  gun 
chamber  just  downstream  of  the  anode.  The  Cs  channels  are 
operated  remotely  through  the  SLC  Control  Program  (SCP). 
A  schematic  of  the  present  PES  is  shown  in  Fig.  1.  A  cross 
section  of  the  gun  is  shown  in  Ref.  [12]. 

IV.  1993  POLARIZED  ELECTRON  SOURCE 
PERFORMANCE 

The  polarization  of  the  e~  beam  could  be  measured  at 
50  GeV  by  a  M0Uer  po  lari  me  ter  at  the  end  of  the  linac  and  by 
a  Compton  polarimeter  at  the  IP.  The  latter  was  sensitive  to 
the  tuning  of  the  Arcs.  The  wavelength  of  the  PES  laser  mid 
the  Compton  polarization  woe  monitored  continuously.  A 
sample  is  shown  in  Fig.  2.  Combined  with  a  M011er  measure¬ 
ment  made  early  in  the  run  with  the  C  DR  bypassed,  the 
source  polarization  was  found  to  peak  at  -865  nm  (cathode  at 
-6°C)  with  Pe-80%. 

In  its  first  10  weeks  of  operation  with  a  strained  layer 
cathode,  the  PES  was  able  to  provide  a  highly  polarized  e~ 
beam  for  the  SLC  >95%  of  the  time.  During  the  run,  the 
charge  limit  effect  [13]  was  not  a  serious  limitation  [14], 
although  the  low-tensity  QE  following  a  cesiation  touchup 
was  only  -0.5%  measured  at  830  nm  and  120  kV. 

The  QE  was  monitored  by  detecting  (using  a  nanoam-meter 
attached  to  the  HV  electrode)  the  photocurrent  drawn 
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Cron  the  cathode  by  a  modulated  830  mn  diode  laser  (gated 
off  during  the  beam  pulse)  attached  «o  a  side  window  of  the 
gun.  The  nanotunmefer  was  powered  and  also  connected  to  the 
SCP  through  an  optical  link. 

The  e~  intensity  was  controlled  through  a  feedback 
system  that  varied  the  size  of  the  Ti:  sapphire  laser  spot  on  the 
cathode.  The  laser  itself  was  operated  at  very  high  energy  so 
as  to  keep  the  cathode  always  completely  saturated.  In  this 
manner  the  e~  pulse- to-pulse  intensity  jitter  could  be  kept 
-1%,  although  the  laser  energy  jitter  was  often  >3%. 
The  charge  limit  did  reduce  the  maximum  charge  available  as 
a  function  of  cathode  surface  conditions. 

The  overall  pressure  in  the  gun  was  -10"11  Torr,  domin¬ 
ated  by  H2.  As  shown  in  Fig.  3.  the  rate  of  decrease  of  the  low 
intensity  QE  was  not  affected  the  charge  extracted  from  the 
gun.  The  QE  was  found  to  decrease  by  <0.05%/day.  The 
cathode  lifetime  was  probably  extended  in  this  vacuum  system 
by  operating  the  cathode  at  -6°C  and  by  the  success  of  the  HV 
processing  that  reduced  the  dark  current  (cathode  current  at 


-0.44 1 
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120  kV  with  all  lasers  blocked)  to  <50  nA  [15].  To  maintain 
the  required  charge,  cesium  was  added  in  intervals  of  ~3  days. 

It  was  a  simple  matter  to  cesiate  from  the  SIX  Control 
Center  usrng  the  SCP  to  lower  the  HV  to  1  kV,  then  to  operate 
the  channel  cesiator  at  a  fixed  4  A  for  -4  minutes.  To  extend 
the  cesiation  intervals,  the  cathode  was  usually  cesiated  until 
the  photocurrent  dropped  -20%  lower  than  its  peak  value. 
The  whole  operation  took  -25  minutes. 

V.  NEXT  DEVELOPMENTS 

Three  new  developments  may  improve  the  source  per¬ 
formance  even  further  in  the  near  future.  One  of  the  four  SLC 
polarized  guns  has  been  modified  to  double  the  area  of  the 
semiconductor  cathode  in  order  to  increase  the  charge  limited 
current.  This  will  be  tested  soon  in  the  laboratory.  Operating 
the  pm  at  150  kV  instead  of  120  kV  should  also  increase  the 
photoelec  tron  emission  25%  when  charge  limited. 

Source  polarizations  >90%  can  be  achieved  with  even 
thinner  strained-layer  cathodes  [6].  The  charge  limit  for  such 
cathodes  is  under  investigation. 

Within  the  next  few  months,  a  Mott  polarimeter  will  be 
added  to  the  SLC  high  beam  intensity  testing  system  allowing 
a  crystal  to  be  fully  qualified  for  Pe,  QE,  charge  limit,  and 
lifetime  before  this  same  crystal  is  installed  in  the  operating 
SLC  gun. 

VI.  REFERENCES 
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Figure  2.  Comparison  of  PES  laser  wavelength  and 
Compton  polarization  over  a  period  of  16  days. 
The  PES  wavelength  was  deliberately  changed  on 
April  6, 11,  and  14:  853-*865  run,  859->864  nm, 
and  870->864  nm,  respectively. 


®  n 
3^ 

QL 

o£ 

COflC 


g* 

| 

J=UJ 

*o 

O 


4-fla 


120 

80 

40 

0 

0.50 

0.40 


jpr 

nr 

*■  Tmr  ; 

v .  y 

i*, 

i 

Xu 

t - 1 - 1 — : 

2  April  to  5  April  1993  74ims 


Figure  3.  Comparison  of  the  tow-intensity  QE  moni¬ 
tored  through  a  period  of  -IS  hours  when  the  SLC 
macropulse  rate  was  dropped  from  the  usual  120  Hz 
to  30  Hz.  The  offset  in  the  QE  is  probably  an  artifact 
of  the  instrumentation. 


[1]  D.  Schultz  et  al.,  “Polarized  Source  Performance  in  1992 
for  SLC-SLD,"  presented  at  the  10th  Int.  Sym.  on  HJE. 
Spin  Physics,  Nagoya,  Nov.  9-14, 1992. 

[2]  T.  Maruyama  et  al.,  Phys.  Rev.  Lett.  M  (1991)  2376. 

P]  T.  Nakanishi  et  al.,  Phys.  Lett.  A  15S  (1991)  345. 

[4]  SPIRE  Corp.,1  Patriots  Park,  Bedford,  MA  01730. 

[5]  T.  Maruyama  et  al.,  “Data  for  Spire  0.3  mm  strained 
GaAs  (M05-1684),”  SLAC  internal  report  (1993), 
unpublished. 

[6]  T.  Maruyama  et  al.,  Phys.  Rev.  B46  (1992)  4261. 

[7]  Active  area  of  SLC  cathode  has  a  14  mm  diameter. 

[8]  H.  Tang  el  al.,  “Observation  of  Non-Linear  Photoemis- 
sion  Effects  from  III— IV  Semiconductors,”  these 
proceedings. 

[9]  J.  Frisch  et  al.,  “Operation  of  the  New  SLC  Polarized 
Electron  Source  Laser,”  these  proceedings. 

[10]  R.E.  Kirby  et  al.,  “An  In-Situ  Photocathode  Loading 
System  for  the  SLC  Polarized  Electron  Gun,”  these 
proceedings. 

[1 1]  Two  SAES  Cs  channels  each  with  17  mm  active  length 
connected  in  series. 

[12]  D.C.  Schultz  et  al.,  Proc.  of  the  Third  European  Part. 
Acc.  Conf.,  Berlin  (1992)  1029. 

[13]  M.  Woods  et  al.,  SLAC-PUB-5894  (1992),  to  be 
published  in  J.  AppL  Phys. 

[14]  The  two  microbunches  required  for  the  SLC  were 
actually  produced  by  separate  Ti:sapphire  cavities.  To 
minimize  charge  limiting  effects  for  the  second 
unpolarized  microbunch,  its  laser  was  tuned  to  770  nm. 

[15]  P.  Sdez  et  al.,  “High  Voltage  Processing  of  the  SLC 
Polarized  Electron  Gun,”  these  proceedings. 


2975 


Quantum  Efficiency  Measurements  of  a  Copper  Photocathode  in  an  RF 

Electron  Gun* 


P.  Davis,  G.  Hairapetian,  C.  Clayton,  C.  Joshi 
Electrical  Engineering  Department,  University  of  California,  Los  Angeles  90024 

S.  Hartman,  S.  Park.  C.  Pellegrini,  J.  Rosenzweig 
Department  of  Physics,  University  of  California.  Los  Angeles  90024 


RF  Gun 


Bucking 

Solenoid 


From  Laser 


Fbraday 

Cup 


Cerenkov 

Detector 


Removable  Mirror 


Figure  1:  Diagram  of  the  experimental  setup 


Abstract 

A  4.5  MeV  photocathode  RF  Gun  has  been 
commissioned  at  UCLA.  A  photo-injector  drive  laser 
produces  sub  2  ps  pulses  of  UV  (X=266  nm)  light  with  up  to 
200  pj /  pulse,  and  illuminates  a  copper  cathode.  The 
photoelectrons  are  accelerated  to  an  energy  of  3.5  MeV  within 
the  gun.  The  electron  beam  charge  is  measured  as  a  function 
of  laser  energy  using  an  integrating  current  transformer  (ICT). 
We  present  measurements  of  quantum  efficiency  as  a  function 
of  laser  polarization  for  injection  angles  of  2°  and  70°  with 
respect  to  the  cathode  normal.  At  70°  incidence  a  50% 
enhancement  in  quantum  efficiency  ( >  10*4)  is  observed  for 
p-polarized  light  over  s-polarized  light. 

I.  INTRODUCTION 

The  photocathode  quantum  efficiency  is  a  fundamental 
parameter  in  laser  driven  rf  guns.  It  has  been  shown  that  the 
quantum  efficiency  depends  on  the  wavelength,  injection 
angle,  and  polarization  of  light  used  in  producing  electrons!  1  ]. 
Furthermore,  the  quantum  efficiency  is  strongly  affected  by 
experimental  conditions  such  as  the  cathode  surface,  vacuum 
conditions,  and  the  applied  electric  field(2]. 
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In  most  experiments,  special  consideration  is  given  to  the 
collection  of  all  the  charge  produced  by  the  injected  photons. 
Since  our  goal  is  to  create  an  electron  beam,  we  measure  the 
charge  contained  in  the  electron  beam  at  the  output  of  the  rf 
gun  and  use  it  in  the  calculation  of  quantum  efficiency. 
Therefore,  this  measurement  defines  an  effective  quantum 
efficiency  of  the  photo-injected  rf  gun  system  which 
incorporates  the  collection  efficiency  of  the  beam. 

II.  EXPERIMENTAL  SETUP 

The  photoinjector  consists  of  a  Cu  photocathode  placed  at 
the  endwali  of  the  1/2  cell  in  a  1  1/2  cell  rf  gun.  After 
completion  of  the  measurements,  the  field  balance  between  the 
1/2  cell  and  the  full  cell  was  measured  to  be  1:1.8.  This 
limits  the  maximum  electric  field  at  the  cathode  to  less  than 
50  MV/m.  A  solenoid  is  used  to  transport  the  beam  to 
various  beam  diagnostics.  The  experimental  setup  is  depicted 
m  Figure  1. 

For  single  photon  photoemission,  the  photon  energy 
must  exceed  the  work  function  of  Cu  (4.65  eV)(3].  The 
photoinjector  drive  laser  was  designed  to  produce  <  2  ps  laser 
pulses  at  266  nm  (4.66  eV)  with  200  pJ/pulse.  This  is 
accomplished  using  chirped  pulse  amplification  and 
compression  of  a  mode-locked  YAG  laser  and  frequency 
upconverting  using  two  KD*P  doubling  crystals. 
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Figure  2:  Laser  injection  geometry 

The  laser  injection  geometry  is  shown  in  Figure  2.  The 
polarization  angle  l  is  the  angle  the  electric  field  makes  with 
respect  to  the  plane  of  incidence.  Therefore.  0°  corresponds  to 
p-polarized  light  and  90°  corresponds  to  s-po!arized  ligh..  A 
1/2  waveplate  allows  continuous  rotation  of  the  laser 
polarization  through  a  full  360°.  The  angle  6  is  the  angle  of 
incidence  of  the  laser  beam  with  respect  to  the  beam  axis  of 
the  electron  gun.  We  are  limited  to  only  two  angles  of 
injection,  70°  and  2°. 

The  electron  charge  is  measured  with  two  independent 
diagnostics,  the  Faraday  cup  and  the  ICT.  Both  these 
diagnostics  agree  with  each  other  to  within  10%.  Because  the 
Faraday  cup  collects  significant  amounts  of  dark  current,  the 
ICT  was  used  to  measure  the  photo-induced  charge  per  pulse 
free  of  the  dark  current  background.  A  phosphor  screen  was 
used  to  ensure  the  position  of  the  electron  beam  was  on  axis 
near  the  center  of  our  diagnostics.  The  beam  energy  was 


Laser  Energy  (pJ) 

Figure  3:  Quantum  efficiency  measurements 


measured  to  be  3.S  MeV  using  a  dipole  spectrometer. 

The  Cu  cathode  received  no  special  surface  preparation. 
After  machining,  the  cathode  was  installed  in  the  if  gun  and 
baked  at  100°C  with  the  gun  under  vacuum.  High  power  rf 
conditioning  was  used  to  reach  a  vacuum  level  of  10'*  Ton. 

During  operation  of  the  gun,  the  laser  spot  was  focused  to 
sub  mm  spot  sizes  on  the  cathode.  The  high  intensity  of  the 
laser  pulses  damaged  the  cathode  surface  further  complicating 
the  emission  process.  The  damaged  spot  is  centered  on  the 
cathode  and  therefore  all  quantum  efficiency  measurements 
were  made  for  photoemission  from  the  damaged  area. 

HI.  EXPERIMENTAL  RESULTS 

Measurements  of  collected  charge  vs  laser  energy  for  three 
representative  cases  are  shown  in  Figure  3.  From  these 
measurements  it  is  clear  that  saturation  of  the  charge  occurs  at 
laser  energies  above  SO  pJ.  Therefore  values  of  quantum 
efficiency  q  are  taken  in  the  low  charge  limit.  Linear  fits  for 
laser  energies  below  25  pJ  are  presented  and  labeled  with  the 
quantum  efficiency  (rj)  corresponding  to  the  slope  of  the  line. 
From  these  fits,  an  enhancement  in  quantum  efficiency  of  50% 
is  observed  for  70°  p-polarized  over  70°  s-polarized  light 

Measurements  of  charge  vs  laser  energy  were  obtained  for 
various  polarization  angles.  For  2°  injection,  changing  the 
polarization  angle  did  not  affect  the  charge  collected. 
However,  for  70°  injection,  measurements  resulted  in  curves  of 
similar  shape  to  those  of  Figure  3  but  which  lie  in  between 
the  70°  s-polarized  and  70°  p-polarized  curves  depending  on  the 
angle  of  polarization.  Figure  4  shows  the  polarization 
dependence  of  collected  charge  for  a  laser  energy  of  100  pJ. 
Identical  plots  are  found  at  different  energies.  The  functional 
form  of  this  enhancement  fits  a  cos2  ^  dependence  which 
implies  that  the  enhancement  is  dependent  on  the  energy  of  p- 
polarized  light  rather  than  its  electric  field. 


Polarization  Angle  (deg) 


Figure  4:  Charge  measurements  at  70°  injection  vs 
polarization  angle 
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For  laser  spot  sizes  less  than  3  mm  in  diameter,  it  was 
possible  to  inject  the  laser  pulses  at  2°  incidence  without 
impinging  directly  on  the  damaged  area  of  the  cathode. 
Careful  quantum  efficiency  measurements  were  not  taken  under 
these  conditions  however  a  factor  of  3  decrease  in  the  quantum 
efficiency  was  observed  from  the  undamaged  portions  of  the 
cathode. 

IV.  DISCUSSION 

Quantum  efficiencies  of  lx  10"4  are  surprisingly  high  for 
photoemission  frum  Cu  using  266  nm  light  (4.66  eV)  since 
the  photon  energy  is  very  close  to  the  work  function  of  Cu 
(4.65  eV).  The  quantum  efficiency  of  Cu  has  been  measured 
to  be  1.5xl0'5  using  248  nm  light  (4]  and  6xl0'5  using  193 
nm  light  [5].  Typically  the  quantum  efficiency  is  higher  for 
light  of  shorter  wavelength.  Using  the  Fowler-Dubridge 
theory  for  photoemission  [6],  these  previous  measurements  of 
quantum  efficiency  can  be  scaled  for  our  wavelength  of  266 
nm  predicting  q-10'8.  The  quantum  efficiency  can  be 
increased  in  large  electric  fields  (>10  MV/m)  through  the 
Schottky  effect.  In  order  to  increase  q  from  10'8  to  10*4 
electric  fields  of  almost  1  GV/m  are  necessary  at  the  cathode 
surface.  As  was  mentioned  above,  macroscopic  fields  at  the 
cathode  of  only  50  MV/m  were  reached,  however,  in  the 
damaged  area  electric  field  enhancement  factors  of  20  are 
possible  due  to  the  surface  roughness.  The  enhancement  of 
quantum  efficiency  from  the  damaged  area  over  undamaged  area 
could  explain  the  factor  of  3  decrease  in  quantum  efficiency 
observed  as  the  laser  spot  was  directed  away  from  the  damaged 
area. 

A  more  recent  measurement  of  quantum  efficiency 
(1.4xl0*4)  for  polished,  clean  Cu  with  low  applied  fields 
using  266  nm  laser  pulses  was  reported  by  Srinivassan-Rao  ei 
al  [2J.  Although  this  value  agrees  with  our  measurement,  it 
implies  that  field  enhanced  emission  did  not  occur  and  does  not 
explain  the  difference  in  photoemission  between  the  damaged 
and  undamaged  parts  of  the  cathode. 

The  Fowler-Dubridge  theory  for  one  photon  photoelectric 
effect  predicts  a  linear  dependence  of  charge  production  on 
incident  laser  energy.  However,  the  measured  charge  vs  laser 
energy  manifests  a  saturation  of  charge  output  for  laser 
energies  rbove  50  pJ.  The  saturation  can  be  explained  by 
space  charge  effects  near  the  cathode  surface.  When  the 
electrons  are  produced  by  the  laser  pulse,  they  are  emitted  as  a 
thin  disk  from  the  cathode:  approximately  80  pm  thick  and  I 
mm  in  diameter  corresponding  to  the  laser  spot  size  on  the 
cathode.  The  space  charge  electric  field  between  the  electron 
bunch  and  the  cathode  can  be  approximated  by  a  surface  charge 
density  and  its  image  charge  in  the  cathode.  Using  this  simple 
model,  a  space  charge  field  equaling  the  accelerating  field  of  50 
MV/m  results  from  only  .25  nC  of  charge.  This  value  agrees 
with  the  0°  data. 

The  particle  accelerator  code,  PARMELA(7],  has  been 
used  to  model  this  space  charge  effect.  This  code  calculates 
the  space  charge  forces  between  a  user  specified  number  of  test 
particles  as  the  particles  are  accelerated  from  the  cathode  in  an 


rf  gun.  However,  experimentally  the  space  charge  problem  is 
complicated  by  the  cathode  damage.  Because  of  this  damage, 
most  of  the  electrons  could  be  produced  from  microemitters  on 
the  cathode  surface.  At  these  emitters  the  space  charge  could 
be  worse.  Despite  these  limitations  in  the  computer 
modeling,  the  PARMELA  simulation  showed  saturation 
similar  to  that  of  experimental  data. 

The  increase  in  quantum  efficiency  for  p-polarized  vs  s- 
polarized  injection  is  probably  due  to  the  difference  in  the 
reflectivity  of  copper  at  these  polarizations.  The  reflectivity  of 
a  copper  mirror  was  measured  as  a  function  of  incident  angle 
for  both  s  and  p  polarized  266  nm  light.  According  to  the 
generalized  Fowler-Dubridge  theory,  q  is  proportional  to 
absorbed  laser  energy.  A  90%  increase  in  absorption  was 
measured  for  p-polarized  light  over  s-polarized  light  predicting 
a  90%  improvement  of  the  quantum  efficiency  for  p-polarized 
injection.  The  measured  enhancement  was  only  50%.  This 
discrepancy  could  be  due  io  a  difference  in  the  relative 
reflectivities  of  the  damaged  cathode  in  comparison  to  those  of 
the  copper  mirror. 

V.  CONCLUSIONS 

The  quantum  efficiency  measurement  of  Cu  in  a  rf  gun 
resulted  in  q=lxl0"4.  The  photoemission  from  Cu  under 
macroscopic  electric  fields  of  50  MV/m  appears  to  be  enhanced 
by  damage  on  cathode.  However,  for  charge  levels  greater  than 
.25  nC  the  quantum  efficiency  is  reduced  by  space  charge  near 
the  photocathode.  Despite  the  limitations  imposed  by  space 
charge,  up  to  3  nC  is  produced  from  the  electron  gun.  For  70° 
laser  injection,  p-polarized  light  results  in  a  50%  increase  in 
quantum  efficiency  over  s-polarized  light  probably  due  to  their 
relative  reflectivities. 
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Abstract 

A  brief  review  is  given  of  high-efficiency  ion 
sources  which  have  been  developed  or  are  under 
development  at  ISOL  facilities  which  show  particular 
promise  for  use  at  existing,  future,  or  radioactive  kw 
beam  (RIB)  facilities  now  under  construction. 
Emphasis  will  be  placed  on  those  sources  which  have 
demonstrated  high  ionization  efficiency,  species 
versatility,  and  operational  reliability  and  which  have 
been  carefiilly  designed  for  safe  handling  in  the  high 
level  radioactivity  radiation  fields  incumbent  at  such 
facilities.  Particular  attention  will  be  given  to  the 
sources  which  have  been  selected  far  initial  or  future 
use  at  the  Holifield  Radioactive  Ion  Beam  Facility 
now  under  construction  at  die  Oak  Ridge  National 
Laboratory. 

1.0  INTRODUCTION 

During  the  past  few  years,  world-wide  interest 
has  developed  in  the  use  of  radioactive  ion  beams  to 
address  questions  concerning  the  structure  of  the 
nucleus  and  on  the  nucleosynthesis  bum  cycles  which 
power  stellar  processes  and  which  are  responsible  for 
heavy  element  formation.  Because  many  of  the 
nuclear  reactions  important  in  nuclear,  nuclear 
structure,  and  astrophysics  are  inaccessible  to 
experimental  study  using  stable/stable  beam/target 
combinations,  they  can  only  be  studied  with 
accelerated  radioactive  ion  beams  (RIBs).  Such 
beams,  therefore,  offer  unique  opportunities  to  further 
our  knowledge  of  the  nucleus  and  the  energetics  of 
our  solar  system.  As  a  consequence,  world-wide 
interest  has  led  to  the  development  and  proposed 
development  of  RIB  facilities  in  Asia,  Europe,  and 
North  America  [see,  e.g.,  the  facilities  listed  in 
Ref.  1].  Of  the  several  facilities  listed  in  Ref.  1, 
only  the  RIB  facility  at  Louvain-la-Neuve  is  presently 
operational  [2],  while  the  Holifield  Radioactive  Ion 
Beam  Facility  (HRIBF)  at  the  Oak  Ridge  National 
Laboratory  has  been  funded  and  is  now  under 
construction  [3]. 

Our  presort  knowledge  of  the  properties  of  nuclei 
far  from  the  region  of  beta  stability  can  be,  in  part, 
attributed  to  die  successful  development  of  reliable, 
long-lived,  and  efficient  ISOL  km  sources  with  fast 
release  properties.  Many  km  source  developments 
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have  been  made  over  the  past  few  decades  for  ISOL 
applications,  many  of  which  have  been  recently 
included  in  reviews  by  Ravn  [4]  and  Van  Duppen,  et 
aL  [5].  For  information  on  the  latest  developments 
in  on-line  mass  separators  and  target-ion  sources 
associated  with  their  use,  readers  are  encouraged  to 
consult  the  proceedings  of  the  most  recent 
electromagnetic  isotope  separator  (EMIS)  conferences 
[6,7].  In  the  present  paper,  the  requirement  of  brevity 
(daces  limitations  on  the  number  and  types  of  sources 
which  can  be  included;  therefore,  the  review  will  be 
restricted  to  examples  of  sources  which  represent 
state-of-the-art  developments  of  a  particular  source 
type  which  have  demonstrated  high  ionization 
efficiencies  and  reliable  performances  at  ISOL 
facilities. 

2.0  CANDIDATE  ION  SOURCES  FOR 
RIB  GENERATION 

The  ISOL  technique  is  complicated  by  high- 
temperature  physics,  chemistry,  metallurgy, 
diffusion,  and  surface  adsorption  processes  which  take 
place  in  die  target-ion  source;  all  of  these  processes 
add  to  the  delay  times  which  result  in  losses  of  die 
short-lived  radioactive  species  of  interest  For  RIB 
generation,  the  source  should  ideally  exhibit  the 
following  properties:  high  efficiency;  high 
temperature,  operation  in  order  to  minimize  the 
diffusion  times  from  the  target  and  residence  times  on 
the  surface;  low  energy  spreads;  chemical  selectivity; 
flexibility  for  adaptation  to  different  temperature 
ranges  and  modes  of  operation;  target  temperature 
control;  long  lifetime;  and  stable  electrical  and 
mechanical  properties.  The  source  should,  as  well,  be 
designed  far  safe  and  expedient  insertkn/rcmoval  from 
the  ISOL  facility  to  permit  changing  of  the  target 
material  and  source  repairs  as  required  in  high 
radioactivity  radiation  level  fields. 

2.1  Electron  Beam  Plasma  Ion  Sources 

The  FEBIAD  ion  source.  The  forced  electron 
beam  induced  arc  discharge  (FEBIAD)  source, 
developed  at  CSI  by  Kirchner  [8-10],  differs  from 
conventional  plasma  discharge  sources  in  that  it  does 
not  require  a  minimum  pressure  for  stable  operation 
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(commonly  referred  to  as  die  Langmuir  criterion  for 
stable  discharge).  The  source  operates  at  pressures  of 
more  than  one  order  of  magnitude  lower  than  the 
Nielsen  plasma  discharge  source  [11]  as  clearly 
demonstrated  by  Kirchner  and  Roeekl  [12].  The 
source  is  well  suited  for  ISOL  applications  which 
involve  the  use  of  heavy  ions  to  produce  the 
radioactive  species  of  interest  in  that  it  operates  stably 
and  efficiently  over  a  pressure  range  of  -1  x  10-5  to 
~2  x  10-4  Tort  at  elevated  temperatures.  Several 
versions  of  the  source  have  been  developed  at  GSI 
(see,  for  example.  Refs.  8*10  to  specific  details  cm 
the  respective  sources);  these  sources  differ  in  their 
materials  of  construction,  ionization  chamber 
volumes  and  achievable  target  temperatures, 
depending  on  the  particular  source  geometry.  The 
efficiency  of  the  FEBIAD  ion  source  is  quite  high  for 
slow  moving  heavy  ions;  to  low  mass,  fast  moving 
atoms  with  high  ionization  potentials,  die  source  is 
not  as  impressive.  For  example,  the  measured 
ionization  efficiencies  for  the  noble  gas  dements,  as 
reported  in  Ref.  13,  are,  respectively,  Ne:  1.3%;  An 
18%;  Kn  36%;  and  Xe:  34%.  The  following 
equation  is  found  to  be  useful  in  approximating  the 
ionization  efficiencies  q  to  the  noble  gases: 

■‘Vcalc*  — ^>Ng  «P  l-ipWrTe>) 

Where  (l)  «  avenge  path  length  for  a  particle  in  the 
plasma;  D„  *  constant  (cm2/s);  Aq  =  emission  area 
of  the  source;  k  *  Boltzmann's  constant;  Tj  =  ion 
temperature;  Te  ■  electron  temperature;  Ip  » 
ionization  potential;  Ne  *  number  of  electrons  in  the 
valence  shell  of  the  atom  with  a  given  1^;  and  Mi  - 
mass  of  species.  The  following  values  are  used  for 
terms  in  Eq.  1  when  estimating  ionization 
efficiencies  for  die  FEBIAD  ion  source:  (kTe)  *  3 
eV;  T|  -  2273°K;  and  4</)D0/A0  »  5.39  x  103 
cm/s. 

The  CERN-1SOLDE  ion  source.  The  CERN- 
ISOLDE  on-line  source  is  similar  in  principle  to  die 
FEBIAD  source.  The  design  features  of  several 
versions  of  the  source  have  recently  been  described  by 
Sundell  and  Ravn  [14].  The  CERN  ISOLDE 
targetfion  source  has  been  utilized  extensively  for  the 
production  of  short-lived  radioactive  species  and  has 
been  cleverly  engineered  to  enable  remote  installation 
mid  removal  from  the  facility  as  required  to  safe 
handling  in  high -radiation-level  fields.  Electron 
impact  ionization  sources  of  the  FEBIAD-CERN- 
1SOLDE  type  are  quite  efficient  for  tow-ionizadon- 
potential  elements  and  elements  which  are  heavy  and. 


therefore,  move  slowly  through  the  ionization 
volume  of  die  source.  The  ionization  efficiencies  to 
these  atoms  are  close  to  those  measured  to  the 
FEBIAD  source.  For  example,  the  maximum 
efficiency  recorded  for  Xe  is  36%  [13].  However, 
those  sources  do  not  appear  to  ionize  low-mass 
elements  or  molecular  materials  efficiently, 
particularly  those  with  high  ionization  potentials. 

The  high-temperature  version  of  the  CERN 
ISOLDE  source  [16]  has  been  selected  as  the  first 
source  to  be  used  for  the  generation  of  radioactive  ion 
beams  at  the  HRIBF  because  of  its  low  emittance, 
(~2  x  mm.mrad)  (MeV)1^2  relatively  high  ionization 
efficiency,  and  capability  to  producing  a  broad  range 
of  radioactive  species.  Of  equal  importance,  the 
source  has  been  cleverly  engineered  to  remote 
installation,  removal  and  servicing  as  required  in  safe 
handling  of  highly  radioactive  contaminated  sources, 
source  components,  and  ancillary  equipment  The 
source  design  also  permits  easy  modification  to  lower 
temperature  versions  and  conversion  from  election 
impact  ionization  to  either  thermal  or  positive  and 
negative  surface  ionization  sources. 

The  HRIBF  version  of  the  CERN-ISOLDE 
source  is  iescribed  in  Ref.  16.  The  high-temperature 
target  anu  ionization  chamber  of  the  source  are  shown 
schematically  in  Figs.  1  and  2.  A  collimated  ion 
beam  from  the  OR1C  will  pass  through  a  thin  Re 
window  whom  k  interacts  with  the  refractory  target 
material  chosen  for  the  production  of  the  desired 
radioactive  beam.  The  Ta  target  material  reservoir  is 
lined  with  Ir  or  Re  metal  as  is  the  beam  transport 
tube  and  internal  surfaces  of  the  source. 


Figure  1.  Cross-sectional  side  view  of  the  HRIBF 
high-temperature  target/ion  source  showing  the  target, 
vapor  transport  tube,  and  ionization  chamber  of  the 
source  [16]. 

The  thickness  of  the  target  is  chosen  so  that  the 
projectile  has  an  energy  spread  within  the  target 
medium  which  approximates  that  required  to 
optimum  radioactive  species  production.  The 
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unreacted  beam  exits  the  target  through  a  second  Re 
window,  then  strikes  a  cooled  C  beam  stop.  This 
technique  reduces  the  power  deposited  in  the  taiget  and 
thereby  simplifies  temperature  control  problems. 


Figure  2.  Cross-sectional  top  view  of  the  HRIBF 
high-temperature  target/ion  source  showing  the  target, 
vapor  transport  tube,  and  ionization  chamber  of  the 
source  [16]. 

The  target  reservoir  is  positioned  within  the  inner 
diameter  of  a  series-connected,  resistively  heated, 
three-cylinder,  Ta  tube.  Hie  reservoir  can  be  heated  to 
temperatures  exceeding  2100°C  by  passing  a  current 
through  the  tubular  structure.  The  power  required  to 
heat  the  assembly  to  2100°C  is  estimated  to  be  5.5 
kW  (11  V  at  500  A).  Temperature  control  will  be 
maintained  within  ±  2°C  by  me  of  feedback  circuitry 
driven  by  a  two-color  pyrometer  to  adjust  the  current 
through  the  heater. 

The  electron  emitter  cathode  is  also  made  of  Ta 
and  is  resistively  heated  to  thermionic  emission 
temperatures,  2125°C.  The  electron  beam, 
typically  2: 250  mA,  is  accelerated  through  a  potential 
difference  of 200-300  V  to  die  perforated  anode  plate 
where  it  passes  into  the  cylindrical  cavity  of  the  anode 
structure  and  ionizes  the  gaseous  material. 
Collimation  of  the  electron  beam  is  effected  by 
adjusting  the  coaxially  directed  solenoidal  magnetic 
field  so  as  to  optimize  the  ionization  efficiency  of  the 
species  of  interest  The  cathode  power  required  to 
achieve  thermionic  emission  temperature  will  be  -  2 
kW  (400  A  at  5  V). 

The  electron  beam  generated  plasma  (EBPG) 
ion  source.  The  electron  beam  generated  plasma 
(EBGP)  ion  source,  developed  for  use  at  the  OASIS 
facility  by  Nitachke  [17]  has  demonstrated  high 
efficiencies  and  very  high  temperature  operation 
(~2700°C).  Table  1  compares  the  efficiencies  for  a 
number  of  elements,  as  calculated  from  Eq.  1,  with 
those  measured  from  the  EBGP,  FEBIAD,  and 
CERN-ISOLDE  ion  sources. 


Table  1.  Comparisons  of  calculated  and 
experimentally  measured  ionization  efficiencies  T)  for 
electron  beam  plasma  ion  sources.  Estimated 
ionization  efficiencies  were  calculated  by  using  Eq.  1. 
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At  high  temperatures,  collisions  between  gas 
particles  may  produce  ionization  provided  that  their 
relative  energies  exceed  the  first  ionization  of  the 
atoms  or  molecules  that  make  up  the  gas.  For  the 
case  of  a  monoatom  ic  gas,  a  fraction  of  the  total 
number  of  gas  particles  will  be  in  various  stages  of 
ionization  at  thermal  equilibrium.  For  such 
reactions,  die  law  of  mass  action  can  be  used  to  derive 
an  expression  for  the  ionization  efficiency  as  a 
function  of  temperature  and  pressure  [18].  The  first 
reported  applications  of  this  technique  are  described  in 
Refs.  [19]  and  [20].  Such  sources  are  relatively 
efficient  for  elements  with  ionization  potentials  Ip  <, 
~7eV. 

Ionization  efficiencies  for  a  number  of  dements, 
including  Ca,  Sr,  Nb,  and  La,  all  of  the  lanthanides, 
and  U,  Pu,  and  Cm  of  the  actinides  have  been 
measured  by  use  of  the  thermal  ionization  source 
described  in  Ref.  20.  The  efficiencies  for  ionizing 
Ti,  Cr,  Fe,  Ni,  Sr,  Pb,  and  U  have  been  measured  by 
Kirchner  [21].  The  source  can  be  very  efficient  as 
indicated.  A  thermal  ion  source  has  also  been 
designed  for  use  at  the  TRISTAN  facility  [22].  A 
thermal  source  is  also  now  under  design  at  the 
HRIBF.  The  vapor  transport  tube,  made  of  W  or  Ta, 
will  be  resistively  heated  to  -2I00°C.  Is  addition, 
the  thermal  ionization  region  of  the  vapor  transport 
tube  will  be  heated  to  -2600°C  by  electron 
bombardment 
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2.3  Surfice  Ionization  Sources 

Positive  surface  ionization.  For  thermodynamic 
equilibrium  processes,  the  ratio  of  ions  to  neutrals 
that  leave  an  ideal  surface  cut  be  predicted  from 
Langmuir-Saha  surface  ionization  theory. 

Positive  surface  ionization  sources.  Positive 
surface  ionization  sources  are  quite  simple  and  easy  to 
operate.  The  principle  has  been  used  at  CERN- 
ISOLDE  [23]  and  TSIOL  facility  [24]  to  generate  ion 
beams  from  low-ionization-potential  elements. 
Although  they  have  limited  applications  in  terms  of 
species,  the  process  is  highly  chemically  selective. 
The  CERN-ISOLDE  source  can  be  easily  retrofitted 
to  accommodate  the  positive  surface  ionizruion  source 
mode  of  operation,  as  demonstrated  at  INS  to  ionize 
38K  [25].  A  positive  surface  ionization  source  will 
be  used  as  complementary  to  the  CERN-ISOLDE 
source  at  the  HRIBF.  The  ionizer  and  vapor  transport 
tube  will  be  Ir  coated  tantalum  and  heated  resistively 
to~1100°C. 

Negative  surface  ionization.  For  thermodynamic 
equilibrium  processes,  the  ratio  of  ions  to  neutrals 
which  leave  an  ideal  surface  can  be  predicted  from 
Langmuir-Saha  surface  ionization  theory  appropriate 
for  negative  ion  formation. 

The  negative  form  of  surface  ionization  is  also 
highly  chemically  selective  and,  therefore,  can  be  used 
for  the  generation  of  high-electron-affinity  elements 
such  as  the  group  VIIA  (halogens).  Unfortunately, 
there  is  limited  availability  of  a  wide  variety  of 
stable,  low  work  materials.  LaB6  is  the  most 
frequently  used  low-work-function  surface  ionizer, 
having  a  work  function  ^  a  -2.7  eV  for 
polycrystalline  and  t  -  2.36  eV  for  single  crystalline 
material. 

Negative  surface  ionization  sources.  An  on-line 
form  of  the  negative  surface  ionization  source  has 
been  developed  at  CERN-ISOLDE,  which  is  equipped 
with  a  LaB6  surface  ionizer  [26].  Tim  CERN- 
ISOLDE-type  source  can  easily  be  retrofitted  with  a 
LaBg  ionizer  and  used  to  efficiently  ionize  high- 
electron-affinity  elements  as  clearly  evidenced  by  the 
successful  application  described  in  Ref.  26.  A 
spherical-geometry  negative-surface  source  is  planned 
for  use  at  the  HRIBF. 

2.4  ECR  Ion  Sources 

Electrons  moving  along  the  field  lines  of  an 
external  magnetic  field  of  flux  density  B  can  be 
resooamly  accelerated  by  the  electric  field  associated 
with  microwave  radiation  of  the  proper  frequency 
which  matches  the  electron-cyclotron  resonance 
condition,  coeCR  ■  ®rf  *  Be/m.  The  region  where 
die  BCR  condition  is  met  is  referred  to  as  dm  ECR 
zone.  Several  ion  sources,  based  on  the  ECR 


principle,  have  been  developed  for  ISOL  applications 
including  those  described  in  References  27-29. 

The  ECR  ion  source  is  superior  in  terms  of 
ionization  efficiencies  for  low  mass,  high  ionization 
potential  elements  and  in  terms  of  their  capabilities 
for  producing  multiply  charged  ion  beams.  Another 
principal  advantage  of  the  ECR  ion  source  is  that  it 
does  not  rely  on  a  negatively  biased  hot  cathode  for 
generating  arid  sustaining  the  plasma  which  limits  the 
lifetimes  of  conventional  electron  beam  plasma 
sources  due  to  physical  sputtering  of  the  cathode 
material.  The  principal  disadvantage  of  the  source  is 
that,  in  its  present  state  of  development,  the  discharge 
chamber  can  only  be  operated  at  modestly  high 
temperatures  which  severely  limits  the  number  of 
species  that  the  source  can  be  used  to  process.  The 
ionization  efficiencies  for  condensable  materials  will 
be  less  than  those  for  more  volatile  elements. 
However,  due  to  the  high  probability  for  ionization 
during  transit  through  the  ionization  volume  of  the 
source,  there  is  evidence  that  the  efficiencies  for 
condensable  materials  may  be  relatively  high,  as  well. 
The  ECR  ion  source,  however,  is  particularly  well 
suited  for  the  processing  of  highly  volatile  or  gaseous 
materials  and  usually  out  performs  electron  beam 
plasma  sources  for  lew  atomic  number  species.  The 
prototype  on-line  ECR  ion  source  was  first  developed 
at  Karlsruhe  [27]  for  ISOL  applications;  the  source 
has  demonstrated  efficiencies  for  C  of  10%;  for  N  up 
to  27%;  for  O  up  to  55%,  for  Ne  up  to  31%  and  Xe 
up  to  65%.  This  source  was  duplicated  at  TRIUMF 
[28].  Ionization  efficiencies  of  18%  for  N,  37%  for  C 
and  14  %  far  Ne  and  35%  for  Ar  have  been  measured 
with  the  on-line  ECR  ion  sources  at  Louvain-la- 
Neuve  [29-31].  The  ionization  efficiencies  for  the 
ECR  ion  source  are  sensitively  dependent  on  the 
pressure  in  the  discharge  chamber  as  evidenced  by  the 
measurements  made  at  Louvain-la-Neuve.  These 
sources  are  clearly  more  efficient  for  low  mass,  high 
ionization  potential  elements  than  conventional,  hot 
cathode  electron  beam  plasma  type  sources  such  as 
the  FEBIAD  and  CERN-ISOLDE  type  ion  sources. 
On  the  other  hand,  the  ionization  efficiencies  for  Xe 
in  this  source  are  close  to  those  recorded  at  CERN- 
ISOLDE  [15]  and  GSI  [13]  for  Xe  (-54%).  These 
sources  are  particularly  impressive  for  difficult  to 
ionize  elements  such  as  He  and  Ne.  A  compact, 
single  stage,  permanent  magnet  ECR  ion  source  is 
now  being  developed  for  on-line  use  at  GANEL  for 
potential  RIB  applications  [32]. 

2.5  Plasma  Sputter  Negative  Ion  Sources 

The  technique  of  sputtering  a  surface  covered 
with  a  fractional  layer  of  a  highly  electropositive 
adsorbate  material  such  as  cesium  has  proved  to  be  a 
universal  method  for  generating  atomic  mid  molecular 
negative  ion  beams  from  most  chemically  active 
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dements.  Positive  k»  beams,  usually  formed  by 
either  direct  surface  ionization  of  a  group  IA  element 
or  in  a  heavy  noble  gas  (Ar,  Kr,  or  Xe)  plasma 
discharge  seeded  with  alkali  metal  vapor,  are 
accelerated  to  energies  between  a  few  hundred  eV  and 
several  keV  where  they  sputter  a  sample  containing 
the  element  of  interest  A  small  fraction  of  the 
spatter  ejected  particles  leave  the  adsorbate  covered 
surface  as  negative  ions  and  are  accelerated  through  an 
extraction  aperture  in  the  source.  Several  sources 
predicated  on  this  principle  have  been  developed, 
some  of  which  are  described  in  Ref.  33.  Sources 
based  on  this  principle  are  particularly  appealing  for 
applications  involving  the  postacceleration  of  RIBs 
with  tandem  accelerators  such  as  at  the  HRIBF.  In 
particular,  sources  which  use  a  plasma  to  sputter  the 
sample  [34-37]  are  especially  attractive  because  this 
technique  assures  uniform  sputtering  and, 
consequently,  good  overlap  of  the  bombarding  species 
and  the  material  containing  the  radioactive  ion  beam. 

Figure  3  displays  a  schematical  representation  of 
a  plasma  sputter  source  now  under  design  for  use  at 
the  HRIBF.  The  source  will  be  housed  in  the  source 
vacuum  envelope  as  the  CERN-ISOLDE  source. 

ORNL-DWG  93-9587 


Figure  3.  Schematic  drawing  of  a  plasma  sputter 
negative  ion  source  now  under  design  for  use  in  the 
HRIBF.  The  source  will  be  complementary  to  the 
CERN-ISOLDE  electron  beam  plasma  source 
displayed  in  Figs.  1  and  2. 

Radioactive  species  from  die  target  will  be  transported 
at  Ugh  temperatures  through  the  vapor  transport  tube 
into  the  plasma  discharge  chamber  where  the  vapor 
will  be  condensed  on  die  cUd  cathode  surface.  A 
Xenon  plasma,  seeded  with  cesium  from  an  external 
oven,  will  be  ignited  either  by  a  filament  or  a  if  coil. 
The  radioactive  ion  beam  will  be  formed  by  sputter 
ejection  of  atoms  or  molecules  from  the  negative 
biased  spherical  geometry  sputter  probe  covered  with 
a  partial  layer  of  cesium  adsotbate  material.  The 


double  sheath  surrounding  the  negatively  biased 
sputter  probe  (spherical  radius  30  mm  and  diameter + 
■  12.5  mm),  which  is  maintained  at  a  variable 
voltage  (0-1000  V)  relative  to  housing,  serves  as  the 
acceleration  gap  and  lens  for  focusing  the  negative-ion 
beam  through  the  exit  aperture  (diameter  +  «  3  mm). 
At  this  point,  the  ion  beam  is  further  accelerated  to 
energies  up  to  50  keV  prior  to  mass  analysis.  The 
efficiencies  of  several  negative  ion  species  have  been 
estimated  by  Tsuji  and  Ishikawa  [37].  Their  results 
are  shown  in  Table  2. 

Table  2.  Estimates  of  the  probability  for  negative 
ion  formation  by  xenon  sputtering  at  optimum 
cesium  coverage  (Ref.  37) 


Nipafc*  ton  C-  St-  Cu-  Q*-  Mo-  T«-  W- 

Pramusyrm  ten  is.s  12.1  ixe  (onz)  (i.se)  an7 


The  emittance  of  the  source  is  quite  good  (-8* 
mm.mrad  [MeV]1^2)  as  measured  by  Mari  for  the 
compact  plasma  sputter  described  in  Ref.  36  when 
operated  with  mA  beams  of  Or.  The  emittance  is 
much  lower  than  the  acceptance  of  the  25-MV  tandem 
accelerator  [38]  and,  therefore,  should  be  easily 
transported  to  the  terminal  stripper  in  the  machine. 

2  j6  Multi-photon  Resonance  Ionization  Sources 

Multi-photon  resonance  ionization  spectroscopy 
(RIS)  has  been  utilized  for  a  number  of  years  to 
selectively  ionize  atoms  [39].  The  scheme  is,  in 
principle,  very  simple;  die  difficult  challenge  is  to 
find  the  most  efficient  scheme  for  ionizing  a 
particular  atom.  Two  or  more  lasers  are  used  to 
selectively  ionize  the  species  of  interest  Because  the 
ionization  process  requires  the  precise  matching  of  the 
photon  energies  to  each  of  the  energy  levels  of  the 
particular  atom,  die  process  is  resonant  and  uniquely 
species  selective;  die  RIS  scheme  is,  therefore,  highly 
discriminatory  against  potential  contaminants.  Thus, 
RIS  offers  a  means  of  generating  fully  ionized, 
isotopically  and  isobarically  pore  RIBs. 
Approximately  80%  of  the  elements  in  the  periodic 
chart  can  be  resonantly  ionized  with  the  RIS 
technique  with  existing  lasers. 

Several  groups  are  actively  developing  RIS  laser 
ion  sauces  for  future  ISOL  applications.  The  RIS 
scheme  has  been  applied  to  resonantly  ionize  atoms 
released  from  an  ISOL  target  and  effused  through 
tubular  or  insulated  cavities  which  are  operated  at 
high  temperatures  to  prevent  condensation.  Two  or 
three  tunable  dye  laser  beams  are  collineariy  focused 
throogh  die  caviar  with  their  wave  lengths  chosen  to 
resonantly  ionize  the  species  of  interest  This  source 
is  handicapped  by  the  fact  that  some  of  the  atoms  are 
in  excited  states  or  may  be  thermally  or  surface 
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ionized  due  to  the  high  teatperatmes  required  to 
prevent  condensation  on  the  wails  of  the  cavity.  The 
otherwise  chemical  selectivity  character  of  tbe  MS 
process  is.  therefore,  compromised.  Nevertheless,  the 
hot  cavity-RIS  technique  has  been  used  off-line  by 
Andreev,  et  nL  to  selectively  ionize  Sr  to  efficiencies 
of  17%  [40]  and  by  Ames,  et  al  to  ionize  Tc  to 
efficiencies  of  13%  [41].  These  groups  both  employed 
Cu  vapor  lasers  which  operate  at  high  repetition  rates 
to  pump  tunable  dye  lasers.  This  RIS  scheme  has 
been  duplicated  by  Alkfaazov,  et  al.  to  study  the 
ionizatiao  of  the  rare  earth  elements  Yb,  Ho,  TL,  sod 
Sm  [42].  Mishin,  et  al.  used  the  RIS  technique  to 
determine  die  ionization  efficiencies  for  So,  Tm,  Yb, 
and  Li  [43].  Efficiencies  op  to  1S%  were  recorded  for 
Yb.  In  these  studies,  it  was  found  that  tbe  initial 
chemical  selectivity  factor  for  Tm,  compromised  by 
surface  and  thermal  ionization  processes, 

could  be  increased  from  10  to  10000  by  the  proper 
choice  of  cavity  material  and  by  reducing  the  cavity 
temperature;  the  gain  in  selectivity  was  made  by 


Furthermore,  it  was  found  that  another  factor  of  10 
could  be  gained  by  using  gated  detection  techniques 
on  the  bunched  beam.  The  laser  desorption  technique 
has  been  used  to  desorp  Pi  and  An  which  were  kn 
implanted  into  samples  and  to  study  the  Pt-An  isobar 
contamination  problem  by  using  foe  RIS  technique. 
Ionization  efficiencies  for  this  study  only  reached  3  x 
10"3  [44].  However,  the  desorption  efficiencies  for  the 
process  reached  60%. 


3.0  Conclusions 


ISQL  ion  source  development  continues  to  be 
driven  by  needs  for  sources  with  improved  chemical 
selectivity,  high  duty  factors,  and  more  universal 
specie s  capabilities.  Despite  foe  fact  that  electron 
beam  plasma  ion  sources  have  poor  chemical 
selectivity  characteristics,  they  have  a  decided 
advantage  in  that  they  are  closer  to  being  universal 
than  other  ISOL  sources  that  have  been  developed  to 
date.  Of  the  electron  beam  sources,  the  CERN- 
ISOLDE  source  is  very  appealing  for  RIB  generation 
applications. 

Although  ECR  ion  soorce  development  has  made 
considerable  progress,  this  source  type  still  suffers 
from  foe  fact  that  no  really  satisfactory  solution  to 
the  low  wall  temperature/condensation  problem  has 
been  found;  as  a  consequence,  foe  source,  in  its 
present  state  of  development,  has  very  limited  species 
capabilities  for  ISOL  applications.  However,  there  is 
ample  incentive  to  solve  this  problem  because  of  the 
obvious  advantage  of  tbe  ECR  source  over 
conventional  source  types  in  terms  of  ionization 

Tbe  results  from  foe  testing  of  RIS  laser  sources 
has  been  rather  encouraging  and  it  is  expected  that 


this  wx-hnfttngy  will  rapidly  advance  in  the  future. 
The  RIS  technique  offers  foe  idealistic  prospect  of 
eliminating  foe  need  for  expensive  isotope  and  isobar 
9CpfiT8tlQII 

Plasma  or  cesium  sputter  ion  sources  offer 
another  possibility  for  foe  efficient  formation  of 
negative  ion  beams  from  high  electron  affinity 
elements.  Sources,  based  on  this  well  developed 
technology,  do  not  suffer  from  poisoning  effects  as  do 
direct  negative  surface  ionization  sources  and  are  very 
appealing  for  use  at  tandem  accelerator  based  RIB 
facilities  such  as  foe  HRIBF. 

Thermal  and  surface  ionization  sources  have 
reached  a  certain  degree  of  maturity  in  their 
development  but  still  play  important  roles  for  the 
efficient  generation  of  ion  beams  from  specific 
elements.  Surface  ionization  sources,  in  particular, 
offer  a  high  degree  of  chemical  selectivity  and  are 
simple  and  easy  to  operate. 
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Abstract 

The  Superconducting  Super  Collider  (SSC)  LINAC 
Injector  consists  of  an  Ion  Source,  Low  Energy  Beam 
Transport  (LEBT)  and  Radio  Frequency  Quadrupole  accelerator 
(RFQ).  The  LINAC  Injector  is  required  to  provide  25  mA  of 
H*  beam  (pulse  width  of  9.6-  48  ps  at  10  Hz  repetition  rate)  at 
2.5  MeV  with  transverse  normalized  rms  emiuance  (Et-n-rms) 
of  less  than  02  %  mm-mrad  and  longitudinal  normalized  rms 
emittance  (cj)  of  less  than  0.82*10*®  eV-s.  An  RF-driven 
volume  source  was  chosen  for  the  initial  commissioning  of 
the  SSC  LINAC  Injector.  The  RF  volume  source  generates 
beams  with  Et-n-rms  os  low  as  0.06  ic  mm-mrad  while 
meeting  all  other  SSC  ion  source  operating  requirements 
(30  mA  at  35  keV).  The  highly  converging  input  beam 
required  by  the  SSC  RFQ  is  provided  by  a  dual  einzel  lens. 
The  initial  experimental  results  from  commissioning  of  the 
SSC  LINAC  Injector  and  experimental  results  pertinent  to  the 
performance  of  the  SSC  ion  source  and  LEBT  will  be 
discussed. 

I.  INTRODUCTION 

Figure  1  is  a  functional  diagram  of  the  SSC  LINAC 
Injector  (Injector)  showing  the  H*  Ion  Source,  LEBT,  and 
RFQ.  Figure  2  shows  the  Injector  at  its  temporary  location  at 
our  R&D  laboratory  in  Waxahachie,  Texas.  The  Injector  is 
scheduled  to  be  moved  to  its  permanent  tunnel  location  later 
this  year.  First  beam  was  successfully  accelerated  through  the 
Injector  on  April  8th,  1993.  With  30  mA  from  the  35  keV  ion 
source,  the  Injector  output  current  was  18  mA.  After  a  brief 
description  of  the  Injector  subsystems,  details  of  experimental 
results  from  the  Injector  output  beam  characterization  will  be 
presented. 

H.  INJECTOR  SUBSYSTEMS 

A.  SSC  H~  RF  Volume  Source 

Multicusp  plasma  sources  provide  volume  production  of 
low  energy  (<2  eV)  H*  ions  leading  to  low  emittance,  high 
brightness  beams.  An  RF  driven  volume  H*  source,  based  on 
RF  induction  discharge,  was  developed  for  SSC  by  LBL  [1] . 
A  schematic  of  the  SSC  RF  volume  ion  source  is  shown  in 
Figure  3.  The  plasma  is  confined  by  the  longitudinal  line- 
cusp  field  produced  by  samarium-cobalt  magnets  that  surround 
the  source  chamber  and  back  flange.  A  pair  of  water-cooled 
permanent  magnet  filter  rods  placed  near  the  plasma  electrode 
creates  a  narrow  region  of  transverse  magnetic  field  which 
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Figure  1 .  Functional  diagram  of  SSC  LINAC  Injector 


Figure  2.  SSC  LINAC  Injector 

divides  the  source  chamber  into  discharge  and  extraction 
regions.  The  2  MHz  RF  power,  with  electrons  supplied  by  a 
hairpin  tungsten  filament  plasma  starter,  excites  and  ionizes 
the  hydrogen  gas  molecules  in  the  discharge  region.  The  RF 
power  is  inductively  coupled  to  the  mixture  via  a  two  turn 
ceramic  coated  copper  antenna.  The  magnetic  field  of  the  filter 
rods  prevent  the  energetic  plasma  electrons  from  entering  the 
extraction  region.  Cold  electrons,  the  positive  and  negative 
ions,  and  the  vibrationally  excited  hydrogen  molecules  can 
drift  across  this  magnetic  field  forming  a  plasma  in  the 
extraction  region  with  a  low  electron  temperature  .  The  cold 
plasma  enhances  the  formation  of  H*  ions  by  dissociative 
attachment  [2]. 

We  have  extracted  H*  beam  currents  as  high  as  40  m  A  at 
35  kV.  The  volume  source  has  a  high  extracted  election  to  H' 
ratio  (30:1).  These  unwanted  elections  are  separated  from  the 
H'  beam  by  a  4  cm  long  magnetic  spectrometer  at  the  extractor 
electrode  exit  (Figure  3).  The  spectrometer’s  magnets  are 
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Figure  3.  SSC  H"  RF  Volume  Source 

housed  inside  a  soft  iron  envelope  to  prevent  fringe  field  from 
penetrating  the  extraction  gap  and  the  volume  source.  Figure  4 
is  a  close  up  of  the  RF  volume  source  as  part  of  the  Injector 
assembly  (the  LEBT  vacuum  shell  and  portions  of  the  RFQ 
are  also  shown). 


Figure  4.  RF  volume  source  as  part  of  the  Injector  assembly. 

Emittance  measurements,  at  an  axial  position 
corresponding  to  the  LEBT  entrance  (  -  5  cm  downstream  of 
extractor  electrode),  yield  Et-n-rms  (rms  normalized  emittance 
extrapolated  to  100%  of  the  assumed  Gaussian  beam  [3] )  of 
0.10  -  0.1S  n  mm-mrad.  Smaller  emittance  [4],  et-n-  rms  = 
0.06  it  mm-mrad,  has  been  measured  in  the  presence  of  Xe 
neutralizing  gas  which  minimizes  space  charge  effects.  The 
actual  H'  beam  emittance  out  of  the  ion  source  is  believed  to 


be  closer  to  0.06  x  mm-mrad.  Figure  S  shows  a  typical 
horizontal  phase-space  emittance  contour  plot  of  beam  out  of 
the  volume  source.  The  beam  is  highly  diverging  and  is  about 
0.8  era  in  radius. 


Figure  S.  A  typical  ion  source  horizontal  phase-space 
emittance  contour  plot 

B.  LEBTs 


The  divergent  ion  source  beam  is  matched  into  the  RFQ 
by  the  LEBT.  The  LEBT  housing  also  contains  source 
diagnostics  and  provides  the  differential  pumping  between  the 
source  and  the  RFQ.  The  SSC  RFQ  requires  a  highly, 
convergent  input  beam.  The  Twiss  parameters  for  the  design 
input  beam  are  ax>y  =1.26  and  px>y  =0.018  mm/mrad  (140 
mrad  convergence  and  -  4  mm  in  diameter). 

A  gas  neutralized  LEBT  is  not  an  option  for  SSC  since 
the  neutralization  time  ( -SO  ps)  is  longer  than  the  SSC  pulse 
length.  Thus,  electrostatic  LEBTs  were  the  only  viable  option. 
The  30  mA  operating  current  is  low  enough  that  several 
electrostatic  focusing  concepts  can  be  considered.  The  einzel 
lens  and  helical  electrostatic  quadrupole  (HESQ)  lens  are  the 
leading  candidates  for  the  SSC  L1NAC  and  their  characteristics 
are  being  evaluated  at  the  SSCL.  The  University  of  Maryland 
is  investigating  a  straight  electrostatic  quadrupole  (ESQ)  LEBT 
concept  [S]  on  our  behalf  and  LBL  is  investigating  a  very 
compact  single  ring  lens  concept  [6]. 

The  einzel  lens  is  probably  the  most  mature  technology 
for  this  application.  Unfortunately  this  LEBT  requires  voltages 
similar  to  the  source  voltage  which  results  in  nonlinear 
aberrations.  For  the  initial  commissioning  of  the  Injector,  we 
are  using  an  existing  dual  einzel  lens  LEBT  optimized  to  meet 
the  SSC  magnetron  ion  source  requirements.  This  choice  was 
not  the  most  desirable  one  but,  in  the  interest  of  meeting  our 
schedule,  it  was  the  logical  choice. 

The  30  mA  output  beam  of  the  volume  source  and  einzel 
LEBT  configuration  was  characterized  at  35  keV.  Figure  6 
shows  a  typical  horizontal  beam  phase-space  emittance  contour 
plot  out  of  the  einzel  lens  at  an  axial  location  corresponding  to 
the  RFQ  entrance.  Nonlinear  aberrations  are  quite  pronounced. 
However,  the  shape  of  the  vertical  and  horizontal  phase-space 
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Figure  6.  LEBT  Phase-space  horizontal  emittance  contour  plot 

emittance  contour  plots  are  similar.  The  measured  et-n-rms 
ranges  between  0.38  *  mm-mrad  in  the  vertical  plane  to  0.79 
%  mm-mrad  in  the  horizontal  plane.  This  is  3-  5  times  the  ion 
source  emittance.  However,  most  of  this  LEBT  induced 
effective  emittance  growth  is  due  to  the  large,  low  particle- 
density,  phase-space  wings.  As  shown  in  Figure  6,  the 
converging  core  of  this  beam,  which  contains  the  majority  of 
particles,  fits  within  the  nominal  acceptance  space  of  the  RFQ. 
Computer  simulations  [7]  have  indicated  a  40-63% 
transmission  of  this  beam  through  the  RFQ.  A  50% 
transmission,  will  provide  a  more  than  adequate  Injector  beam 
(1$  mA)  to  commission  the  following  stages  of  the  SSC 
LINAC.  Figure  7  is  a  close  up  of  the  ernzel  lens  housing 
assembly  as  installed  in  the  Injector.  The  ion  source  extractor 
and  magnetic  spectrometer  are  also  shown  in  this  figure. 


Figure  7.  Einzel  lens  housing  assembly 


The  SSC  RFQ  is  a  four  vane  structure  designed  and  built 
for  SSC  by  LANL  [8).  The  design  parameters  of  the  SSC 
RFQ  are  given  in  Table  I.  The  SSC  RFQ  has  two  unique 
features.  First,  the  design  included  the  effects  of  higher 
multipoles  by  using  an  8-term  electric  Held  potential  to 
optimize  transmission.  Second,  the  intervane  voltage  is 
ramped  along  the  length  of  the  RFQ  to  minimize  the  beam 
losses  aid  structure  length . 


Table  I 

RFQ  Design  Parameters 


Frequency 

428  MHz 

Injection  Energy 

35keV 

Output  Energy 

2.5  MeV 

Injection  current 

30  mA 

Output  current 

28  mA 

RFQ  length 

218  cm 

Input  aperture  radius 

0.198  cm 

Final  aperture  radius 

0240  cm 

Final  modulation  factor 

1.93 

Imervane  voltage 

34.82  to  88.3  kV 

Peak  surface  field 

36  MV/m  (1.8  K) 

Cavity  peak  rf  power 

<300  kW 

Input  et-n-rms 

<0.2  x  mm-mrad 

Output  et-n-rms 

<0.2  k  mm-mrad 

Output  El 

<0.82*1  O'6  eV-s. 

Output  beam  radius  (rms) 

0.75  mm 

m.  INJECTOR  OUTPUT  BEAM 
CHARACTERIZATION 

A  set  of  toroids  and  Faraday  cups  (FC)  placed  in  various 
axial  locations  along  the  Injector  are  used  to  measure  the 
outgptbeam  current  and  beam  transmission  through  the  RFQ. 
A  Faraday  cup  can  be  inserted  between  the  ion  so  iree  and  the 
LEBT  to  measure  the  ion  source  beam  current  and  to  block  the 
beam  from  the  rest  of  the  Injector.  A  noti-huecepting  toroid  in 
the  LEBT  measures  the  RFQ  input  beam  current.  At  the  RFQ 
output,  the  Injector  current  is  measured  by  a  toroid  and  a 
downstream  PC.  The  Injector  output  beam  current,  as 
measured  by  the  RFQ  output  FC  is  shown  in  Figure  8. 
The  measured  output  beam  shape  is  an  exact  duplicate  of  the 
measured  ion  source  output  beam  current  (Figure  9).  The 
highest  Injector  output  bean  current  achieved  to  date  is  20  mA 
(for  30  mA  input),  this  translates  to  a  66%  transmission 
through  the  SSC  RFQ. 

An  absorber-collector  experiment  has  bracketed  the  output 
beam  energy  to  a  value  between  2.1  MeV  and  3.3  Mev.  In 
this  experiment  a  2.1  McV  range-thick  foil,  placed  upstream 
of  the  output  F.C.,  allowed  the  whole  Injector  output  beam  to 
be  collected  while  a  3.3  MeV  range-thick  foil  stopped  the 
entire  beam.  This  experiment  also  indicated  a  100%  accelerated 
beam  at  the  nominal  RFQ  design  field. 


petition  (cm) 


Vertical  Axis  :  4  mA/div 
Horizontal  axis  :  20  ps/div 

Figure  8.  Injector  output  current  time  profile 

A  slit  &  collector  diagnostic  [9]  system  has  been  used  to 
measure  the  Injector  beam  emittance  21.6  cm  downstream  of 
the  RFQ.  Typical  horizontal  said  vertical  phase-space  emittance 
contour  plots  of  the  Injector  output  beam  are  shown  in  figures 
10  and  1 1,  respectively.  The  elliptical  contours  are  well  defined 
and  die  measured  emittance  in  the  transverse  planes  are 
Ex-n-rms  ~  Ey-n-rms 58  0.25  it  mm-mrad.  These  values  are 
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Top  trace  :  H'  current  10  mA/div 
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Figure  9.  Ion  source  output  current  time  profile 


Figure  10.  An  Injector  output  beam  horizontal  phase-space 
emittance  contour  plot 

25%  larger  than  the  SSC  LINAC  Injector  goal.  However,  the 
large  emittance  is  believed  to  be  due  to  the  use  of  the  non- 
optiinized  LEBT.  We  expect  to  improve  the  Injector  output 
beam  current  ami  transverse  emittance  once  the  Injector  is  fully 
optimized  and  tuned. 

A  bunch  shape  monitor  diagnostic  built  by  INR  [10]  was 
used  to  determine  the  micro-bunch  longitudinal  phase  profile. 
The  beam  hits  a  thin  wire  at  a  10  kV  potential  and  secondary 
electrons  are  emitted  proportional  to  the  beam  intensity.  The 
electron  beam  is  collimated  and  “time  stamped"  with  an  rf 
deflector.  The  deflector  phase  ( w.r.l.  the  output  beam  phase)  is 
scanned,  measuring  the  intensity  of  the  electron  beam  at 
different  times  during  the  micro-pulse  to  produce  an  intensity 
versus  phase  profile.  The  first  measurements  of  the  SSCL 
bunch  shape  monitor  are  in  good  agreement  with  theory. 
Figure  12  shows  a  comparison  of  measured  results  with  the 
theoretical  model  at  nominal  RF  power,  15  cm  downstream  of 
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Figure  1 1 .  An  Injector  output  beam  vertical  phase-space 
emittance  contour  plot 
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Figure  12.  Theoretical  bunch  shape  predicted  by  PARMTEQ 
simulation  and  experimental  data  as  measured  by  the  bunch 
shape  monitor  for  nominal  vane  voltage.  The  intensity  is 
normalized  for  a  unit  area. 


the  RFQ.  The  measurements  indicate  a  well  bunched  beam 
with  an  rms  micro-bunch  length  of  10  degrees. 


IV.  FUTURE  WORK 

In  the  near  future,  we  are  planning  to  measure  the  output 
beam  energy  more  precisely  using  a  magnetic  spectrometer  and 
Rutherford  scattering  diagnostics.  We  will  continue  the 
injector  output  beam  studies  in  an  attempt  to  optimize  the 
output  beam  characteristics  in  the  next  few  months. 
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Abstract 

The  acceleration  of  polarised  protons  in  multi-GeV  ma¬ 
chines  is  a  great  challenge  for  accelerator  physicists.  An 
essential  part  of  such  development  is  the  primary  source 
of  polarised  H~  ions.  Recent  studies  at  TRIUMF  and 
INR,  Moscow,  showed  that  pulsed  Optically  Pumped  Po¬ 
larized  Ion  Source  (OPPIS)  could  produce  up  to  1.2  mA 
H~  ion  beam  with  polarization  in  excess  of  80%  within 
1.5  jt  mm-mrad  normalized  emittance.  This  current  is  ten 
times  higher  than  the  best  currently  available  from  atomic 
beam  sources.  The  pulsed  OPPIS  is  quite  inexpensive  in 
comparison  with  atomic  beam  source,  and  is  ideally  suited 
for  high  energy  accelerator  applications. 

I.  INTRODUCTION 

The  importance  of  spin  effects  in  the  muIti-GeV  range 
of  energies  has  been  realised  in  recent  years  and  as  a  result 
a  number  of  experiments  employing  accelerated  polarized 
proton  beams  have  been  proposed  for  KAON  [1],  FNAL  [2], 
BNL  [3],  and  SSC  [4].  Accelerator  physicists  have  met  this 
challenge  by  implementation  of  the  “Siberian  snake”  tech¬ 
nique  of  preserving  the  polarization  during  acceleration  [5]. 
Another  important  part  of  such  facilities  is  the  primary 
source  of  polarized  H~ .  Conventional  atomic  beam  sources 
are  gradually  being  improved,  and  recent  progress  on  a  D~ 
plasma  ionizer  will  probably  lead  to  increased  polarized  H~ 
currents  of  up  to  100  /iA  in  1.5  x  mm-mrad  emittance,  even 
though  H~  is  not  a  favored  ion  for  atomic  beam  sources  [6]. 
Typical  currents  of  unpolarized  H~  ion  injectors  are  about 
50  mA  [7].  A  big  difference  in  the  polarized  and  unpo- 
larized  current  will  substantially  restrict  the  possibilities 
of  studying  polarization  phenomena  at  the  low  duty-factor 
high  energy  accelerators. 

H.  PROPOSAL  FOR  A  PULSED  HIGH 
CURRENT  OPPIS 

An  alternative  to  the  atomic  beam  source  is  the  com¬ 
paratively  new  technique  of  optically  pumped  polarized 
ion  sources,  which  is  particularly  suitable  for  H~  produc¬ 
tion.  In  the  last  few  years  optically  pumped  polarized  H~ 
sources  have  been  put  into  routine  operation  at  KEK  [8], 
LAMPF  [9]  and  TRIUMF  [10].  This  has  improved  sub¬ 
stantially  the  facilities  for  polarization  studies  at  these  lab¬ 
oratories. 

Two  basic  OPPIS  configurations  are  in  use.  At  KEK, 
LAMPF  rad  TRIUMF,  ECR  sources  are  used  for  produc¬ 
ing  the  primary  proton  beam.  Very  similar  results  have 
0-7803-1203- 1/93S03.00  6 1993  IEEE 


been  obtained  with  this  arrangement  for  both  pulsed  rad 
cw  modes  of  operation,  rad  presently  the  H~  current  is 
limited  to  less  than  200  pA  in  a  1.0  t  mm-mrad  normal¬ 
ized  emittance.  This  limitation  is  to  occur  as  a  result  of  the 
ECR  plasma  temperature  (higher  than  2  eV).  The  KEK 
pulsed  OPPIS,  for  example,  nearly  achieved  this  current 
limit  [8].  The  influence  of  rubidium  ion  space  charge  on 
emittance  degradation  is  also  very  important  and  is  not 
yet  well  understood.  Another  approach,  implemented  at 
INR,  Moscow  overcomes  these  problems  [11]  (see  Fig.  1.). 
In  this  technique  a  high  intensity  neutral  atomic  hydro¬ 
gen  beam  is  iiyected  into  a  strong  longitudinal  magnetic 
field,  where  it  is  ionized  in  a  pulsed  gas  helium  (or  neon) 
cell.  The  resulting  proton  beam  is  then  injected  into  an 
optically  pumped  Na  (or  Rb)  cell,  which  is  situated  in  the 
same  solenoidal  field  as  the  ionizer.  In  effect,  the  ionizer 
cell  acts  as  a  proton  source  in  a  high  magnetic  field.  The 
proton  yield  from  He  at  hydrogen  beam  energies  of  5-8  keV 
is  about  70%  and  about  40%  for  neon.  The  He  cell  is  iso¬ 
lated  and  biased  at  -1  kV,  allowing  energy  separation  of  the 
protons  from  the  primary  neutral  hydrogen  beam.  A  con¬ 
ventional  electromagnetic  pulsed  gas  valve  cannot  be  used 
in  a  high  magnetic  field  and  a  piezoceramic  or  pneumatic 
valve  must  be  used.  A  very  bright  neutral  injector  (the 
prototype  was  developed  at  the  Budker  INP,  Novosibirsk) 
produces  up  to  30  mA  equivalent  transmitted  atomic  beam 
current  through  the  ionizer  cell  and  the  optically  pumped 
cell.  It  is  based  on  production  of  a  low  divergence  proton 
beam,  which  is  extracted  by  a  four-electrode  multiwire  sys¬ 
tem  from  an  expanded  plasma  [12].  The  proton  beam  is 
focused  by  a  solenoidal  magnetic  lens  and  neutralized  in 
a  pulsed  hydrogen  or  alkali  vapour  cell.  The  geometry  of 
the  source  extraction  system  and  focusing  lens  has  to  be 
chosen  carefully  to  provide  the  conditions  for  space-charge 
compensation  during  beam  formation,  in  order  to  avoid 
increasing  the  beam  divergence. 

The  resulting  polarized  current  is  very  close  to  estimates 
obtained  from  the  measured  initial  beam  and  the  efficiency 
of  ionization  and  charge-exchange  processes  in  helium  and 
sodium.  The  polarized  current  doesn’t  depend  on  the  mag¬ 
nitude  of  the  magnetic  field  in  the  optically  pumped  cell, 
but  there  is  a  loss  of  about  30%,  because  some  additional 
divergency  is  introduced  during  deceleration  of  the  proton 
beam  at  the  exit  of  the  He  ionizer.  The  polarized  H~  cur¬ 
rent  obtained  at  INR  for  a  maximum  polarization  of  65% 
is  400  pA  in  an  emittance  of  1  x  mm-mrad.  At  higher 
Na  thicknesses  in  the  optically  pumped  cell,  the  current 
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Fig.  1.  Schematic  layout  of  the  pulsed  optically  pumped  polarized  H~  ion  source:  1 -source  of  primary  protons;  2-focuring 
lens;  3-neutraliser  ceil;  4-pulsed  helium  ionizer  cell;  5-superconducting  solenoid  25-30  kG;  6-optically  pumped  Rb  cell;  7- 
deflecting  plates;  8-Sona  transition  magnetic  shield  and  trim  coil;  9-sodium  ioniser  cell;  10-ionizer  solenoid  1.5  kG;  11-pulsed 
TiiSapphire  laser. 


increases  to  600  /* A  but  the  polarization  drops  to  45%, 
because  of  radiation  trapping  within  the  sodium  vapour. 

Recent  progress  in  OPPlS  development  has  been  the  re¬ 
sult  of  switching  from  dye  lasers  and  optical  pumping  of 
sodium  to  solid  state  Ti sapphire  lasers  and  optical  pump¬ 
ing  of  rubidium  [13]  and  potassium  [9].  The  advantages  of 
Rb  as  a  medium  for  optical  pumping  and  the  high  power 
of  Ti sapphire  lasers  have  greatly  improved  the  OPPIS  par 
rameters.  At  TRIUMF  even  in  a  cw  mode  of  operation, 
up  to  8  x  1013  Rb  atoms/cm2  with  an  electronic  polariza¬ 
tion  of  over  95%  was  produced.  An  efficiency  of  50%  for 
capture  of  polarized  electrons  by  the  incident  proton  beam 
was  obtained.  A  high  power  pulsed  Tiisapphire  laser  was 
tested  in  the  INR  source,  where  a  90%  neutralization  ef¬ 
ficiency  at  the  highest  polarization  was  achieved,  nearly 
doubling  the  polarized  H~  current  compared  with  using 
sodium.  In  such  a  way,  it  should  be  possible  to  produce 
at  least  800  /iA  polarized  H~  beam  in  a  1.0  x  mm-mrad 
emittance.  This  current  is  expected  to  scale  with  emittance 
and,  if  1.5  x  mm-mrad  emittance  is  acceptable  -  such  emit¬ 
tance  is  specified  in  the  FNAL  proposal  on  acceleration  of 
polarized  protons  [2]  -1200  pA  could  be  available  from  a 
pulsed  OPPIS.  As  for  possible  improvements,  the  current 
scales  with  the  neutral  beam  intensity  and  development 
in  that  area  is  definitely  not  exhausted.  For  example,  the 
above  current  of  400  pA  was  measured  at  only  half  the 
neutral  hydrogen  beam  intensity,  which  has  been  obtained 
from  the  Budker  Institute  prototype  source. 

This  technique  is  particularly  suitable  for  high  energy  ac¬ 
celerators  having  low  repetition  rates  of  10-15  Hz  (FNAL, 
SSC).  At  such  low  rates,  the  ionizer  helium  consumption 
is  only  3xl017  atoms /sec  and  vacuum  pumping  of  the  He 
ionizer  cell  is  accomplished  easily  by  one  1000  l/sec  turbo- 
molecular  pump.  A  very  simple,  inexpensive  laser  system 


based  on  a  pulsed  Titsapphire  laser  could  be  used  to  pro¬ 
duce  high  polarization  of  the  Rb  vapor.  The  INR  pulsed 
Tiisapphire  laser  produces  up  to  1  kW  power  in  a  pulse 
duration  of  200  psec,  with  a  linewidth  of  10-12  GHz  and  a 
repetition  rate  up  to  25  Hz.  A  longer  pulse  duration  could 
be  realized  by  using  two  such  lasers,  or  an  alexandrite  laser. 

Very  important  results  have  been  obtained  recently  at 
TRIUMF  [14].  Proton  polarization  of  over  80%  was  ob¬ 
tained  in  a  cw  mode  of  operation,  at  a  high  magnetic  field 
of  25  kG  in  the  optically  pumped  cell.  In  the  INR-type 
source,  energy  separation  of  the  protons  produced  by  ion¬ 
ization  of  the  primary  neutrals  provides  better  background 
conditions  and  the  polarization  should  be  even  higher. 

Combining  the  INR  results  of  highest  current  produc¬ 
tion  and  the  experience  with  pulsed  Tirsapphire  lasers  and 
the  TRIUMF  results  of  highest  polarization,  we  propose 
the  development  of  a  pulsed  polarized  ion  source  which 
will  produce  high  current  polarized  H~  beam  having  the 
specifications  shown  in  Table  1. 

Table  1.  Pulsed  OPPIS  parameters. 

Repetition  rate  10-15  Hz 

Pulse  duration  100  /wee 

Pulsed  polarized  H~  current  >1.0  mA 

Pulsed  polarized  H+  current  10  mA 

Polarization  80-85% 

Normalized  emittance  1.5  x  mm-mrad 


Such  a  pulsed  OPPIS  will  produce  at  least  a  factor  of 
ten  times  higher  polarized  H~  current  than  the  best  atomic 
beam  source  currently  available.  It’s  construction  is  less 
expensive  than  that  of  an  atomic  beam  source  and  we 
believe  it  is  ideally  suited  to  be  used  at  high  energy  ac- 


celerators.  An  important  feature  of  the  proposed  OPPIS 
is  the  capability  of  further  development  by  using  a  spin- 
exchange  technique  of  polarisation  [15].  In  that  technique 
there  is  no  space- charge  current  limitation,  since  polar¬ 
isation  takes  place  in  collisions  between  neutral  hydrogen 
and  alkali-metal  atoms.  Future  spin-exchange  optically- 
pumped  sources  will  likely  produce  polarised  H~  ion  cur¬ 
rents  in  excess  of  10  mA,  and  may  finally  solve  the  problem 
of  a  polarised  iqjector  for  high  energy  accelerators. 

III.  CONCLUSION 

There  is  a  great  deal  of  interest  in  high  energy  spin 
physics  experiments  at  fixed  target,  collider  and  storage 
ring  setups.  The  development  of  a  high  performance  pulsed 
optically  pumped  polarised  H“  ion  source  should  be  con¬ 
sidered  for  the  most  efficient  use  of  these  facilities  with 
polarised  beams. 

Anderson  (Univ.  of  Wisconsin  USA)  and  Mori  (KEK 
National  laboratory,  Japan)  were  awarded  the  1993  IEEE 
Particle  Conference  Technology  Award  for  their  invention 
and  development  of  the  optically  pumped  polarised  nega¬ 
tive  ion  source  and  in  recognition  of  successes  of  the  first 
generation  OPPIS.  We  believe  the  optically  pumped  po¬ 
larised  H~  ion  sources  of  the  next  generation,  which  have 
been  discussed  in  this  paper,  will  produce  polarised  H~ 
ion  currents  of  1-10  mA,  i.e.  close  to  the  currents  of  unpo¬ 
larized  ion  sources. 
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Abstract 

The  SAIC  PET  isotope  production  accelerator  is 
comprised  of  a  1  MeV  3He+  radio- frequency  quadrupole  (RFQ) 
accelerator  followed  by  a  charge-doubler  and  pair  of  RFQ 
accelerators  to  produce  8  MeV  3He++  ions.  The  inter-RFQ 
section  consists  of  a  stripper  and  a  transport  system  in  order  to 
match  the  beam  into  the  following  RFQ.  This  inter-RFQ 
section  is  functionally  equivalent  to  a  single-sided  beam 
funnel  where  the  bend  magnet  has  been  replaced  with  a 
stripper  cell.  The  operating  frequency  is  doubled  from  212.5 
MHz  to  425  MHz  and  the  beam  must  be  matched  transversely 
and  longitudinally  to  the  425  MHz  RFQ  acceptance.  The 
transverse  matching  is  accomplished  using  permanent  magnet 
quadrupoles  and  the  longitudinal  matching  is  accomplished 
using  a  buncher  cavity.  Our  particular  design  is  unique  in  that 
the  transverse  x:y  diameter  ratio  can  be  as  high  as  4:1. 
Initially  this  asymmetry  was  thought  to  complicate  the 
transport,  however  the  system  can  be  designed  to  exploit  the 
unique  features  of  a  large  aspect  ratio  and  has  important 
implications  at  other  facilities. 

I.  INTRODUCTION 

The  SAIC  PET  isotope  production  accelerator  is 
illustrated  in  figure  1.  The  3He+  ions  produced  in  an  ion 
source  are  accelerated  to  1  MeV  by  a  1  meter  "PreStripper" 
RFQ  operating  at  212.5  MHz.[l]  The  1  MeV  ions  are  stripped 
of  the  second  electron  in  the  "charge-doubler"  section  and 
further  accelerated  by  a  425  MHz  "PostStripper"  RFQ  (2.8 
meters)  to  a  final  energy  of  8  MeV.  The  8  MeV  beam  is 
focused  into  the  isotope  production  target  by  a  combination  of 
quadrupole  and  multipole  electromagnets  to  produce  the  four 
common  PET  isotopes. 

The  matching  of  die  ion  beam  between  the  two  RFQs  is 
accomplished  in  the  charge-doubler  section  using  a 
combination  of  permanant  magnet  quadrupoles  (PMQs){2]  and 
a  buncher  cavity.  In  order  to  simplify  the  transport  and 
matching  of  the  beam  through  this  region,  the  final  few  cells 
in  the  PreStripper  RFQ  were  modified.  [  1  ] 
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Figure  1.  l  ine  drawing  of  the  PET  accelerator.  The  3He+  ion 
beam  is  produced  in  a  duoplasmatron  km  source  and  accelerated 
to  1  MeV  in  the  PreStripper  RFQ  operating  at  212.5  MHz. 
The  ions  are  stripped  of  the  second  electron  in  the  charge- 
doubler  and  matched  into  the  PostStripper  RFQ.  The 
PostS  tripper  RFQ  is  divided  into  two  segments  by  an  aperture 
plate.  The  first  segment  accelerates  the  beam  to  5  MeV  and 
the  second  to  8  MeV.  Upon  exiting  the  PostStripper  RFQ, 
the  beam  is  directed  into  the  isotope  production  target 


H.  TRANSPORT  DESIGN 

In  the  charge-doubler  region,  the  1  MeV  3He+  ion  beam 
exiting  the  PreStripper  RFQ,  passes  through  the  first  PMQ 
and  enters  the  gas  cell  where  the  second  election  is  stripped  to 
make  3He++  ions.  These  ions  are  focused  through  the 
buncher  cavity  and  matched  to  the  PostStripper  RFQ 
acceptance  using  three  additional  PMQs. 

A  conventional  pillbox  cavity  operating  at  212.5  MHz 
would  be  very  large  and  bulky.  Also  the  small  longitudinal 
distance  available  would  result  in  a  very  inefficient  cavity. 
Hence  the  PET  buncher  cavity  was  designed  as  a  quarterwave 
stripline  resonator.  This  design  minimizes  the  longitudinal 
distance  required  and  the  drift-tube  geometry  provides  two  rf 
gaps,  effectively  halving  the  rf  voltage  required.  The  resonant 
frequency  is  controlled  bv  moving  a  sliding  short  along  the 
"stem"  of  the  drift  tube. 
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m.  EXPERIMENTAL  RESULTS 

The  original  transport  solution  performed  poorly. 
Although  the  emittance  orientation  of  the  1  MeV  beam 
exiting  the  PreStripper  RFQ  agreed  with  the  theory,[l]  the 
transmission  of  the  beam  through  the  PostStripper  RJRQ  was 
less  than  20%.  The  reason  for  this  poor  performance  was 
inadequate  performance  of  the  buacher  cavity. 

The  difficulty  with  the  original  transport  solution  is  that 
the  if  de  foe  using  produced  by  the  buneber  cavity  must  be 
within  3.4%  of  the  theoretical  value  to  maintain  a  tr— averse 
match.  This  means  that  insufficient  bunching  leads  to  not 
only  a  longitudinal  mismatch,  but  a  transverse  mismatch  as 
well. 

Fortunately  the  features  of  the  beam  transport  solution 
provide  a  simple  means  of  measuring  the  degree  of  rf 
defoc using  produced  by  the  buncher  cavity.  Because  the 
effective  focal  distance  of  the  second  PMQ  is  substantially 
altered  by  rf  defocusing,  the  degree  of  defocusing  can  be 
derived  from  the  change  in  quadrupole  held  required  to  refocus 
the  beam  ions  on  a  viewer  downstream  of  the  buncher  cavity. 
In  addition  it  is  not  necessary  to  strip  the  beam  ions  to  the  2+ 
state  to  observe  this  effect  Therefore  a  relatively  simple 
experiment  can  be  performed  to  measure  the  degree  of  rf 
defocusing  produced  by  the  buncher  and  also  calibrate  the 
effective  on-axis  voltage  as  a  function  of  rf  power  without 
requiring  measurement  of  the  longitudinal  emittance,  phase,  or 
energy  spread. 

To  measure  rf  defocusing,  the  PostStripper  RFQ  was 
replaced  with  a  drift  space  and  a  beam  viewer  with  an 
electromagnetic  quadrupole  between  the  buncher  and  the 
viewer.  The  3He+  beam  was  accelerated  in  the  PreStripper 
RFQ  and  focused  onto  the  viewer  using  the  electromagnetic 
quadrupole.  As  the  phase  of  the  buncher  was  varied,  the 
quadrupole  magnet  was  adjusted  to  refocus  the  beam  onto  the 
viewer  and  the  current  required  was  recorded  for  a  variety  of  rf 
power  levels. 

Figure  2  shows  a  typical  result  of  quadrupole  focusing 
current  as  a  function  of  buncher  phase  at  a  fixed  rf  power 
level.  The  amplitude  of  the  refocusing  current  was  derived  by 
fitting  the  data  with  a  sine  wave  shown  as  the  solid  line  in  the 
figure.  The  effective  rf  defocusing  produced  by  the  buncher 
cavity  was  derived  from  the  refocusing  current  and  compared 
with  results  from  TRACE3D.[3] 

IV.  THEORY 

The  theoretical  rf  fields  were  derived  using  electrostatic 
field  codes  to  compute  the  electric  field  amplitude  and  fitting 
that  amplitude  with  a  time-varying  Gaussian  function. 
Although  the  electric  fields  me  not  precisely  Gaussian,  this 
difference  does  not  lead  to  significant  errors  and  the  Gaussian 
expression  can  be  integrated  analytically  to  yield  the  effective 
rf  gap  voltage  (E0TL)  used  by  TRACE3D.  This  effective  gap 

voltage  was  used  to  generate  if  defocusing  according  to  the 
defocusing  model  internal  to  TRACE3D.  The  quadrupole 


gradients  required  to  refocus  die  beam  could  then  be  derived 
from  TRACE3D. 

The  original  buncher  drift  tube  had  a  3  cm  bore  to  reduce 
geometric  aberrations.  However  analysis  of  this  geometry 
indicated  that  a  drift-tube  voltage  of  1.3  MV  would  be  required 
to  achieve  proper  performance.  Reduction  of  the  drift-tube 
bore  diameter  did  not  appreciably  improve  on  this 
performance. 


Figure  2.  Typical  data  plot  of  quadrupole  refocusing  current  as 
a  function  of  buncher  rf  phase.  The  data  were  fit  with  a  sine 
function.  The  resulting  amplitude  is  the  change  in  quadrupole 
magnet  current  required  to  refocus  the  beam  onto  the  viewer 
and  is  proportional  to  the  degree  of  rf  defocusing  induced  by 
the  buncher. 


The  solution  to  this  problem  is  based  on  abandoning  the 
circular-aperture  geometry.  Although  this  approach  runs 
contrary  to  common  practice,  the  key  factor  to  consider  is  the 
necessity  of  increasing  the  effective  on-axis  rf  voltage  without 
sacrificing  additional  rf  power.  The  on-axis  voltage  is  very 
sensitive  to  the  relationship  between  the  rf  gap  and  the  inner 
diameter  of  the  drift-tube.  The  narrow  rf  gap  necessitated  by 
the  low-energy  ion  beam  places  severe  restrictions  on  the 
inner  diameter  of  the  drift  tube  if  high  efficiency  is  to  be 
maintained. 

This  situation  is  improved  considerably  by  substituting  a 
"slit"  for  the  circular  drift-tube  aperture.  In  this  situation,  the 
effective  on-axis  voltage  is  determined  by  the  geometry  of  the 
smallest  dimension  of  the  slit  and  can  easily  attain  more  than 
90%  of  the  drift-tube  voltage.  A  significant  additional  benefit 
of  this  approach  is  that  rf  defocusing  can  be  neglected  in  the 
direction  parallel  to  the  long  axis  of  the  slit 
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Substituting  a  0.9  cm  by  3.5  cm  vertical  slit  for  the 
circular  drift-tube  aperture  increased  the  effective  on-axis 
voltage  to  93%  of  the  drift-tube  voltage  and  reduced  the 
required  rf  power  to  less  than  20  kW. 

This  situation  represents  a  considerable  improvement  in 
the  stability  of  the  beam  transport  solution  because  it 
virtually  eliminates  the  sensitivity  of  the  transverse  beam 
matching  to  buncher  operation.  The  horizontal  beam 
transport  was  already  insensitive  to  rf  defbcusing  and,  with  the 
slit  geometry,  the  vertical  focusing  is  insensitive  as  well. 
Hence  the  new  beam  transport  solution  does  not  depend  on 
achieving  a  precise  rf-defocusing  effect  from  the  buncher 
cavity  and  Ok  beam  is  always  well-matched  in  the  transverse 
planes  reguardless  of  the  status  of  die  buncher  cavity. 

V.  EXPERIENCE 

The  theoretical  transmission  of  the  original  transport 
solution  was  6%  without  an  operating  buncher  cavity.  The 
measured  value  was  about  20%.  The  descrepancy  is  probably 
due  to  modelling  the  performance  with  TRACE3D  rather  than 
a  more  precise  code  like  PARMILA.[4]  Without  an  operating 
buncher,  the  debunching  of  the  beam  exiting  the  PreStripper 
RFQ  is  nearly  complete  by  the  time  the  ions  arrive  at  the 
entrance  to  the  PostStripper  RFQ.  Hence  the  tail  and  head  of 
the  leading  and  following  bunches  overlap  the  bunch  in  the 
middle.  This  overlap  adds  additional  current  to  the  central 
bunch  that  can  be  captured  and  accelerated  but  is  not  accounted 
for  by  the  theory.  Adding  one-third  of  the  ions  captured  from 
the  overlap  of  the  leading  and  following  bunches  to  the  beam 
captured  from  the  central  beam  bunch  boosts  the  theoretical 
transmission  from  6%  to  18%  and  is  in  much  better 
agreement  with  the  measured  value. 

The  performance  of  the  new  transport  design  has  not  yet 
been  quantified.  Simulations  indicate  substantially  improved 
performance,  but  these  predictions  have  not  yet  been  verified. 

VL  IMPLICATIONS 

The  potential  implications  of  the  slit  drift-tube  apertures 
are  very  interesting.  Abandoning  a  circular  geometry  could 
have  a  significant  impact  on  design  of  accelerators.  For 
example  using  a  slit  geometry  in  a  conventional  drift-tube 
linac  (DTL)  could  significantly  improve  the  performance  at 
the  low-energy  end  where  the  drift-tubes  and  rf  gaps  are  "short" 
relative  to  the  required  apertures.  The  inlet  end  of  DTLs  has 
always  been  a  design  problem  because  the  drift-tubes  in  this 
region  can  be  too  short  to  include  quadrupole  magnets.  The 
invention  of  the  RFQ  accelerator  partially  solved  this  problem 
by  boosting  the  injection  velocity,  but  this  solution  is 
difficult  to  implement  for  heavy  ions  because  the  RFQs 
producing  the  required  injection  velocities  get  very  long  at  the 
low  frequencies  required  for  heavy  ion  acceleration. 
Additionally  it  is  desirable  to  increase  the  rf  frequency  to 
improve  the  effective  acceleration  gradient  and  to  support 
beam  funneling.  Doubling  the  frequency  halves  the  distance 


between  drift  tubes  and  halves  the  length  of  the  drift  tubes, 
effectively  reintroducing  the  low-energy  end  problem. 

Designing  these  DTLs  could  be  simplified  with  slit- 
apertures  because  the  rf  defocusing  can  be  neglected  along  the 
long  axis  of  die  slit  In  this  case  one  needs  only  relatively 
weak  focusing  to  keep  the  edges  of  the  "ribbon  beam" 
confined.  The  strong  focusing  required  in  the  other  direction 
might  be  achievable  by  shaping  the  edges  of  the  drift  tube 
wound  the  slit  to  produce  the  desired  focusing  components  in 
the  rf  electric  fields.  The  efficiency  of  "short"  drift-tubes  is 
also  improved  by  the  slit  geometry  because  the  effective  gap 
voltage  is  a  greater  percentage  of  the  rf  voltage  on  the  drift- 
tube.  Transitioning  from  a  ribbon  beam  to  a  circular  beam 
could  be  accomplished  at  higher  energies  where  the  drift-tubes 
have  sufficient  volume  to  include  magnetic  focusing  elements. 

VH.  CONCLUSIONS 

The  poor  performance  of  the  original  charge-doubler 
section  was  traced  to  inadequate  buncher  operation.  Transverse 
and  longitudinal  matching  of  the  beam  into  the  PostStripper 
RFQ  required  a  precise  degree  of  rf  defbcusing  from  the 
buncher.  When  this  effect  was  not  produced,  the  quality  of  the 
match  was  poor.  Redesigning  the  buncher  drift-tube  with  a 
slit  aperture  resulted  in  substantially  improved  theoretical 
performance  and  the  rf  power  required  by  the  buncher  decreased 
by  a  factor  of  13.  In  addition,  the  new  transport  solution 
always  matches  the  transverse  emittances  regardless  of  the 
condition  of  the  buncher.  This  solution  decouples 
longitudinal  matching  from  transverse  matching  and  provides 
a  much  better  solution  to  the  inter-RFQ  beam  transport. 
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Abstract 

The  behavior  of  compact  electros  cyclotron  resonance 
ion  sources  (ECRIS)  is  emphasised  in  this  article,  and 
more  specifically  the  Caprice  ECRIS  concept:  a  high  B 
field  (>  1 T)  source  offering  good  performances  both  in  ex¬ 
tracted  ion  charge  states  and  intensities,  in  a  rather  small 
volume,  a  source  easy  to  handle  and  to  operate.  This 
concept  like  the  ECRIS  concept  itself  originated  from  the 
Grenoble  group;  it  is  quite  attractive  to  continuous  regime 
cyclotrons  requiring  high  stability  ion  beams,  but  it  is  also 
weH  suited  to  delivering  very  high  intensity  particle  pulses 
(today  a  few  ppA  of  Pb28*  or  Au37+  ion  beams,  a  few 
ms  long)  of  interest  for  synchrotron  bunching.  Finally 
the  developments  and  activities  in  the  field  of  ECRIS  at 
Grenoble,  are  shortly  surveyed  while  giving  some  trends 
and  prospects.  ?'f 

I.  INTRODUCTION 

The  ECRIS  are  now  widely  used  by  the  accelerators. 
The  Grenoble  group  which  developed  the  first  high  charge 
state  ECR  source  [1],  although  not  directly  associated 
with  an  accelerator  facility,  keeps  on  strongly  working  on 
ECRIS  development  for  improving  their  performances,  and 
on  other  plasma  applications  where  radiofrequency  waves- 
plasmas  interactions  are  very  important. 

The  ECR  ion  sources,  an  outgrowth  of  the  fusion  plasma 
studies  in  the  so  called  open-ended  mirror  machines  [2]  can 
be  shortly  described  as  follows.  It  is  made  of  a  magnetic 
configuration  able  to  trap  hot  electrons  heated  by  a  res¬ 
onant  rf  wave-electron  interaction;  as  a  consequence,  in 
order  to  satisfy  the  charge  neutrality  condition,  the  ions 
get  electrostatically  trapped  and  undergo  successive  ion¬ 
izations;  the  extracted  ion  beams  out  of  an  ECRIS  are  ac¬ 
tually  the  losses  of  this  magnetic  configuration.  This  is  why 
tuning  an  ECR  ion  source  in  order  to  obtain  high  charge 
state  and  high  intensity  ion  beams,  results  in  a  difficult 
compromise  owing  to  opposite  requirements:  (i)  confining 
a  high  density  plasma  for  ionising  high  charge  states,  but 
consequently  having  low  losses  and  offering  low  intensity 
ion  beams,  (ii)  having  high  plasma  losses  and  possibly  high 
intensity  ion  beams,  which  evidently  does  not  allow  the 
plasma  density  to  build  up,  and  may  seriously  jeopardize 
the  hmiiation  efficiency  for  high  charge  states  ! 

Various  concepts  of  ECR  ion  sources  have  been  con¬ 
structed,  while  trying  to  overcome  this  contradiction  as 
well  as  other  difficulties  both  from  the  technology  and  from 
the  plasma  physics.  The  Grenoble  group  built  Minimafios, 
0-7803-1203- 1/93SO3.0O  ©  1993  IEEE 


one  of  the  most  performant  sources  as  to  the  16-18  GHz 
prototypes  [3)  for  delivering  special  ion  beams;  Neomafioe 
(4],  a  source  using  only  permanent  magnets  for  its  mag¬ 
netic  configuration;  and  Caprice,  a  compact  source  which 
got  gradually  improving  [5]. 

II.  THE  CAPRICE  CONCEPT 

Although  the  Caprice  source  is  not  the  best  today  source 
as  to  the  performances  of  the  multiply  charged  ion  beams 
it  can  deliver,  nevertheless  it  offers  an  outstanding  com¬ 
promise  between  the  so  many  desirable  characteristics  of  a 
multiply  charged  ion  source  that  physicists  of  modern  ac¬ 
celerators  may  wish  to  work  with:  high  charge  states,  high 
intensities,  high  stability,  wide  range  of  ion  species,  reliabil¬ 
ity  and  longevity  (no  cathode,  no  filament),  simplicity  and 
modularity  in  the  design  (easy  change  of  parts),  a  source 
easy  to  handle  and  to  operate. 


fesassa  Iron 

ESS  l*Mr  loan 


Figure  I:  Caprice  source,  1- perm  meat  magnet  hexapole, 
2-solenoid  coils,  3-closed  mod-B  surfaces,  4-rf  power  input, 
5-gas  inlet,  electric  oven  feedthroughs,  6-ion  extraction. 

A.  Description  and  main  features 

A  sketch  of  the  source  is  given  in  figure  1.  The  source 
is  characterized  by  a  small  plasma  chamber  (16  cm  long, 
6.6  cm  diameter)  highly  magnetized  (i)  by  using  electrical 
coils  for  the  axial  field,  ~1.2T  at  the  mirror  throat  owing 
to  a  strong  and  thick  iron  yoke  and  to  other  iron  parts  such 
as  the  puller  electrode,  (ii)  by  a  high  remanent  induction 
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permanent  magnet  hexapoie  for  the  radial  field,  ~0.9T  at 
the  plaama  chamber  radius. 

The  rf  power  w  launched  by  a  coaxial  feeder,  and  the 
source  equally  works  at  10  GHs  and  14  GHs  (at  a  higher 
axial  field)  with  quite  similar  performances. 

The  measured  emittances  at  a  constant  extraction  volt¬ 
age  vary  in  between  80  to  150  rmmjnrad  (for  80%  of  the 
beam  intensity)  for  charge  states  below  10;  at  higher  charge 
states  the  emittanee  gets  better  not  only  because  of  the  in¬ 
creased  ion  beam  velocity,  but  also  because  the  high  charge 
state  ions  are  actually  originating  from  the  plasma  center 
along  the  main  axis  (electrostatic  confinement). 

B.  Results  in  continuous  regime 

This  is  one  of  the  main  advantages  of  the  Caprice  con¬ 
cept:  it  behaves  exceptionally  stable  for  long  runs,  i.e.  tens 
of  hours  of  continuous  operation,  with  usually  no  more 
than  1  kW  of  rf  power.  The  data  set  shown  in  figure  2 
gives  the  optimized  results  with  a  few  gases  obtained  with 
a  Caprice  source  at  10  GHs. 


Figure  3.  Optimised  lead  ion  omenta  (epA)  from  Caprice 
(a )4kG  hexapoie, Pb  plasma-vaporised,  (b)8kG  hexapoie, 
Pb  plasma-vaporised,  (c)9.3kG  hexapoie,  Pb  oven-vaporised 

Recently  for  atomic  physics  studies,  the  Caprice  source 
proves  its  capability  of  delivering  Ar17+  ions  in  the  1  enA 
range,  and  Ar18+  ions  in  the  20  epA  range,  which  ranks  it 
well  above  other  sources. 

The  figure  3  illustrates  how  much  progress  has  been 


made  with  optimised  lead  ion  beams,  as  an  example,  when 
increasing  the  hexapoie  magnetic  field  and  varying  the 
technique  of  production  of  the  metal  vapor.  The  technique 
of  independently  heated  micro-oven  considerably  improved 
the  capability  of  the  source  for  delivering  high  charge  state 
high  intensity  ion  beams,  as  compared  to  the  former  tech¬ 
nique  of  metal/axide  samples  directly  heated  by  the  hot 
electron  plasma;  the  main  drawback  of  this  former  tech¬ 
nique  was  to  kill  some  hot  electrons,  and  then  to  reduce 
the  ionization  efficiency  of  the  source,  as  well  as  not  to 
separate  the  functions  of  (i)  vaporizing  the  metal  and  con¬ 
trolling  its  pressure,  from  (ii)  the  ionization  and  plasma 
formation.  A  few  instantaneous  charge  state  distributions 
are  shown  for  lead  and  gold  in  figure  4,  both  obtained  by 
this  specific  high  temperature  oven  technique. 


Figure  4:  Charge  state  distributions  from  a  10  GHz  Caprice 
source  for  lead  (optimised  on  Pb31+)  and  gold  (optimised  on 
Aum+),  vertical  scale  in  epA. 

C.  Results  in  pulsed  mode:  the  afterglow  effect 

The  pulsed  mode  of  operation  of  the  Caprice  source  is 
even  more  impressive  than  the  cw  mode;  this  specific  af¬ 
terglow  mode,  which  the  Grenoble  group  was  first  to  inves¬ 
tigate  [3],  is  a  consequence  of  the  electrostatic  confinement 
of  the  ions  in  the  space  charge  well  of  the  magnetically  con- 
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fined  hot  electrons  within  the  source,  that  makes  it  similar 
to  the  EBIS.  Once  the  ECR  discharge  has  reached  a  steady 
state  regime,  turning  the  rf  power  off  causes  the  electron 
population  to  collapse:  the  cold  electrons  leave  the  trap 
faster  than  the  hot  ones,  and  as  the  discharge  is  no  longer 
sustained  by  the  rf  field,  i.e.  not  refuelled  by  new  cold 
electrons,  the  confined  ions  are  compelled  to  leave  the  trap 
because  of  the  charge  neutrality  condition.  This  effect  oc- 
curing  in  the  afterglow  plasma  is  quite  impressive;  it  may 
be  optimised  so  as  to  obtain  a  few  particle  pA  pulses  of 
charge  state  ~30,  a  few  ms  long,  at  a  frequency  ~  a  few 
tens  of  Hs:  so  far  2  ppA  pulses  of  Pb***  ions,  1  ppA  pulses 
of  Auj7+  ions  (see  figure  5);  the  pulse  intensity  is  essen¬ 
tially  limited  by  the  metal  vaporization  process  (here  the 
oven  technique),  it  should  be  possible  to  reach  ~3  p/iA  for 
these  ions. 


0  K)0  200 

Figure  5:  Afterglow  palae  of  An3T+  km  current  (epA),  hori¬ 
zontal  scale  in  ms. 


III.  ECRIS  R&D  AND  PROSPECTS 

As  already  mentioned  above  the  Grenoble  group  has  de¬ 
veloped  other  sources,  among  which  the  only  permanent 
magnet  built  ECRIS  Neomafios  8  &  10  GHz  [4]  and  soon 
2.45  GHz  are  quite  interesting  because  of  their  reduced 
power  consumption,  however  offering  lower  performances 
than  the  Caprice  source. 

Today  the  main  activity  in  Grenoble  concentrates  on  the 
following  efforts,  which  will  hopefully  give  new  orientations 
to  the  ECRIS. 

A.  The  Quadrumafkx  facility 

This  facility  specially  designed  for  plasma  measure¬ 
ments,  and  evidently  not  a  compact  one,  aims  at  featuring 
and  understanding  the  multiply  charged  ion  production. 
Plasma  and  atomic  physics  diagnostics  are  developed  in 
order  to  measure  and  control  the  most  important  plasma 
parameters:  microwave  interferometry  for  the  electron  den¬ 


sity,  bremastrahlung  and  line  X-ray  spectrometry  for  the 
electron  energy  and  the  ion  characterisation,  diamagnetic 
loops  for  the  plasma  energy  content,  electron  cyclotron 
emission  for  the  electron  energy,  electron  and  ion  losses 
electrostatic  analyser,  visible  light  and  VUV  light  spec¬ 
trometry,  etc. . .  The  first  data  obtained  at  the  frequency  of 
10  GHz  are  currently  being  processed. 

B.  Superconducting  ECRIS 

In  a  joint  venture  INFN-LNS-Catania/CEA-DRFMC- 
Grenoble,  the  building  of  a  superconducting  source  for  the 
K-800  cyclotron  has  just  started.  The  source  is  designed 
so  as  to  reach  the  highest  magnetic  fields  so  far  used  in  an 
ECRIS:  1.4  T  radially  at  the  chamber  wall  and  2.2  T  axi¬ 
ally  at  the  mirror  throat.  This  facility  is  expected  to  deliver 
at  high  charge  states  the  highest  extracted  ion  currents, 

(i)  because  of  its  capability  of  trapping  a  higher  electron 
density,  and  thus  of  delivering  larger  intensity  ion  beams, 
than  the  today  ECRIS; 

(ii)  because  of  its  large  plasma  volume,  that  should  en¬ 
hance  the  plasma  losses  and  the  extracted  ion  currents  (as¬ 
suming  a  constant  rf  power  per  unit  volume). 

C.  Prospects  for  Caprice 

When  considering  the  question  how  to  get  enhanced  per¬ 
formances  with  Caprice,  it  seems  like,  partly  from  observa¬ 
tions  and  partly  from  speculations,  that  turning  the  knob 
up  for  the  rf  power  is  not  the  solution.  Thus  the  only  se¬ 
rious  possibility  would  be  to  increase  the  plasma  volume, 
while  keeping  constant  the  other  parameters.  Nevertheless 
this  leads  to  increase  the  input  rf  power,  so  as  to  main¬ 
tain  the  same  rf  power  per  unit  volume.  But  may  Caprice 
be  upgraded  in  size  without  ruining  the  concept  itself  and 
its  compromise  ?  This  is  actually  another  challenge  the 
Grenoble  group  is  facing  with. 
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Ahstnct 

The  design  and  construction  of  an  all  copper  S-band 
one-and-half  cell  photocathode  electron  gun  without  a 
choke  joint  is  described.  The  methods  utilised  to  de¬ 
termine  the  Held  balance  at  the  operational  frequency 
without  usage  of  the  bead  pulling  perturbation  measure¬ 
ment  is  given  together  with  the  computational  dawa. 

I.  THE  ATF  INJECTION  SYSTEM 

One  of  the  major  development  in  accelerator  technol¬ 
ogy  in  the  last  decade  is  the  development  of  photocathode 
RF  electron  gun  for  Free  Electron  laser  and  other  appli¬ 
cations.  At  the  Brookhaven  National  Laboratory  Accel¬ 
erator  Test  Facility(ATF),  an  S-band,  one  and  half  cell, 
photocathode  RF  gun  is  now  in  operation.1 

As  part  of  ATF  R&D  program,  extensive  study  has 
been  performed  to  investigated  the  various  options  of 
improving  the  ATF  iqjection  system.3  It  was  found  that 
the  large  divergence  of  the  electron  beam  from  the  RF  gun 
and  the  mismatch  caused  by  the  space  charge  are  major 
sources  of  the  emittance  growth.  Two  simple  techniques3 
were  studied  to  reduce  the  beam  divergence.  Making  the 
half  cell  field  80%  of  the  full  cell’s,  the  beam  divergence 
can  be  reduced  by  half.  It  is  also  possible  to  reduce 
the  emittance  growth  due  to  the  beam  divergence  in  the 
iqjection  line  using  an  elliptical  laser  spot,  it  matches 
better  to  the  strong  focusing  injection  line.  Recent  study4 
suggested  by  using  two  solenoid  magnets  and  place  the 
RF  gun  directly  at  the  entrance  of  the  linac,  significant 
emittance  reduction  can  be  achieved. 

The  distance  between  the  cathode  and  linac  is  about 
75  cm  for  the  new  iqjection  system,  the  arrangement  was 
made  in  such  way,  that  the  old  injection  system  will  be 
left  untouched  for  RF  gun  studies,  second  gun  was  built 
for  the  new  injection  system. 

II.  THE  FULL  COPPER  RF  GUN 

Comparing  the  BNL  one-and-half  cell  gun  5  and 
Grumman-BNL  multi-cell  gun,4  a  modified  BNL  gun  was 
chosen  for  its  proved  performance.  The  BNL  one-and-half 
cell  RF  gun  had  achieved  its  designed  parameters  at  both 
ATF1  and  other  labs.7  The  BNL  RF  gun  is  operated  rou¬ 
tinely  at  lower  field  than  designed  value,  because  of  the 
break  down  near  the  choke  joint  and  the  beam  loading 
caused  by  the  field  emission  current.  The  experimen¬ 
tal  results  showed1  that  copper  cathode  can  satisfy  the 
demands  of  the  the  ATF  experiments,  modify  the  BNL 
one-and-half  cell  gun  to  a  full  copper  RF  gun  will  make  it 
much  more  reliable.  The  full  copper  RF  gun  may  also  re¬ 
duced  beam  loading  effect.  It  was  demonstrated  that 
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S-band  linac  structure  can  operate  at  field  much  higher 
than  100  MV/m,4  the  dark  current  beam  loading  could  be 
reduced  if  the  RF  gun  can  be  conditioning  at  higher  field. 

III.  THE  RF  GUN  CAVITY 
CONSTRUCTION  AND  TUNING 

The  calculated  frequency  using  SUPERFISH  is  about 
15  MHs  higher  than  2856  MHs  before  any  tuning  work. 
Based  on  the  experience  of  building  the  first  BNL  RF  gun, 
following  steps  were  taken  for  the  construction  of  the  full 
copper  RF  gun: 

Target  frequency.  We  first  determined  the  tar¬ 
get  resonant  frequency  of  the  cavity  in  the  air  at  room 
temperature(24*C)  is  2856.3  MHs.  From  both  calculation 
and  measurement,  the  temperature  coefficient  of  the  reso¬ 
nant  frequency  is  50  KHz/deg.,  and  the  frequency  change 
from  air  to  vacuum  is  about  800  KHs.  In  order  to  oper¬ 
ate  the  gun  near  45°C  of  the  SLAC-type  linac  operating 
temperature,  the  target  frequency  should  be  near  2856.3 
MHs. 

Tuning  rangs.There  is  a  loop  type  tuner  at  each 
cell,  the  tuning  range  of  the  half  cell  is  about  1  MHz,  and 
the  full  cell’s  range  is  about  the  half  of  the  half  cell’s. 

Size  of  the  coupling  hole.  We  estimated  that  to 
lower  the  resonant  frequency  from  2871  MHz  near  the 
target  frequency  and  realize  reasonable  coupling  between 
the  waveguide  and  the  cavity,  a  coupling  hole  size  1  cm  by 
2  cm  is  adequate  for  each  cell(see  Fig.  1). 


Figure  1:  Parts  for  the  RF  gun. 


Frequency  tuning.After  the  coupling  holes  were 
machined,  the  resonant  frequency  was  about  8  MHz  lower 
than  the  target  frequency.  We  can  either  machine  the 
cylinder  of  the  cavity  or  the  end  wall  of  the  each  cell.  We 
decided  work  on  the  end  wall  because  its  flexibility.  Near 
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Figure  3:  The  ATF  fall  copper  RF  gun. 
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Figure  2:  The  Smith  chart  of  the  waveguide. 


the  cavity  resonant  frequency,  the  cavity  can  be  described 
by  an  equivalent  LC  circuit  whose  resonant  frequency  is, 


Final  assembly.  The  full  copper  RF  gun  was  brazed 
together  at  SLAC(Fig.  3). 

The  Field  balancing  .The  performance  of  the  RF 
gun  will  be  affected  by  the  accuracy  of  balancing  the  fields 
between  the  two  cells.  The  perturbation  method  is  usually 
used  to  balance  the  field,  it  is  reliable  but  inconvenient. 
We  have  been  used  following  two  techniques  to  balance 
the  gun. 

•  Q-measuremt.  We  studied  how  the  differ¬ 
ence  of  the  peak  fields  in  the  two  cells  affects 
the  properties  of  the  cavity. 


Changing  the  depth  of  the  cathode  (or  anode)  penetration 
into  the  cavity  is  equivalent  to  adjusting  the  capacitance, 
since  the  cathode  is  located  in  the  strong  electric  field  re¬ 
gion.  The  resonant  frequency  can  be  reduced  by  increasing 
the  capacitance  through  increasing  the  penetration  of  the 
cathode.  Similarly,  an  increase  of  the  resonant  frequency 
can  be  achieved  by  decreasing  the  cathode  penetration. 
Hie  radius  of  the  areas  were  machined  off  is  about  2.3 
cm(Fig.  1). 

Critical  coupling.  After  the  gun  cavity  was  tuned 
near  the  target  frequency,  the  gun  was  under  coupled.  We 
can  open  the  coupling  to  increase  the  coupling,  which  also 
affects  the  resonant  frequency.  The  method  we  used  to 
achieve  the  critical  coupling  is  equivalent  to  add  another 
reactive  bad  to  the  waveguide,  so  the  total  load  for  the 
wave  guide  is  resistive.  We  placed  a  cooper  block  across 
the  broad  side  of  the  wave  guide  across  from  the  coupling 
holes.  By  adjusting  the  thickness  of  the  block  and  it’s 
position,  the  critical  coupling  was  obtained  (Fig.  2). 


Q  =  —  (  —  )  x  (Geometrical Factor)  (2) 

Po  \oo/ 

where  ft  and  po  are  permeabilities,  6  is  the 
skin  depth,  V  is  the  cavity  volume,  and 
5  is  the  surface  area  enclosing  the  volume. 

Eq.  (2)  shows  that,  since  the  ratio  of  surface 
area  to  the  volume  in  the  half  cell  is  larger 
than  that  of  the  full  cell,  the  higher  field  in 
the  half  cell  will  lower  the  Q  of  the  whole 
cavity.  Table  1  is  the  calculated  results 
using  SUPERFISH,  where  Et  is  the  field 
at  cathode  surface  and  Ei  is  the  peak  field 
on  axis  of  the  full  cell.  It  shows  that  field 
balancing  can  be  measured  by  measuring 
the  baded  Q(assuming  the  gun  is  at  critical 
coupling). 
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Figure  5:  The  mode  separation  for  bal¬ 
anced  fields.  * 

Table  1:  RF  Cavity  properties  and  Field 
relation 


•  Modes  separation  The  frequency  differ¬ 
ence  of  the  T-mode  and  zero-modes  can  be 
expressed  as,7  - 

(3) 

f 

where  k  is  the  coupling  factor  of  the  gun, 
and  /  is  single  cell  resonant  frequency,  k  is 
determined  by  the  coupling  factor  of  each 
cell,  and  hence  determined  by  the  field 
strength.  Eq.  (3)  is  usually  used  to  calculate 
the  coupling  factor  k,  we  can  use  perturba¬ 
tion  method  to  calibrate  the  coupling  factor, 
and  use  the  mode  separation  to  determine 
the  field  balance.  Fig.  4  m  the  field  distribu¬ 
tion  of  the  RF  gun  on  axis  obtained  using 
the  perturbation  method.  Fig.  5  is  the  corre¬ 
sponding  mock  separation  for  the  balanced, 
field. 
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Figure  4:  On-axis  field  distribution  of  the 
gun. 
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Abstract 

Short  laser  pulses  (sub  2  ps)  of  UV  (X= 266  nm)  light 
with  200  pJ/pulse.  are  used  to  prodoce  elections  from  a  copper 
cathode  in  a  rf  gun.  The  electron  bunch  length  is  measured  by 
streaking  die  Cerenkov  radiation  (fc=530  nm)  from  a  thin  (250 
pm)  fused  silica  e talon.  Streaks  for  both  0°  and  70°  laser 
incidence  angles  with  respect  to  the  cathode  normal  are 
presented  with  a  temporal  resolution  of  3.6  ps.  The  shortest 
electron  bunch  length  measured  was  9  ps. 

I.  INTRODUCTION 

Although  photoemission  is  a  prompt  process  down  to  sub 
picosecond  time  scales,  the  production  of  very  short  (<  2  ps) 
electron  beams  from  a  photocathode  rf  gun  cannot  be  taken  for 
granted.  Photocathode  rf  guns  are  constructed  to  minimized 
bunch  length  growth  by  allowing  the  creation  of  the  electron 
bunch  in  high  electric  Helds  (up  to  lOOMV/m).  Under  these 
fields  the  electrons  are  accelerated  to  relativistic  velocities  in 
less  than  one  centimeter.  Most  of  the  bunch  length  growth 
occurs  before  die  beam  becomes  relativistic  and  before  the 
beam  exits  the  if  gun. 

The  electron  bunch  length  is  measured  using  a  Cerenkov 
radiator  viewed  by  a  streak  camera.  The  radiator  is  placed  as 
close  to  the  exit  of  the  rf  gun  as  possible  given  physical 
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constraints.  Only  a  solenoid  is  used  to  transport  the  beam  to 
the  radiator.  The  streak  measurements  presented  indicate 
typical  electron  bunch  lengths  of  about  15  ps. 

H.  EXPERIMENTAL  SETUP 

The  photoinjector  consists  of  a  Cu  photocathode  placed  at 
the  endwall  of  the  1/2  cell  in  a  1  1/2  cell  rf  gun.  After 
completion  of  the  measurements  the  electric  field  ratio 
between  the  1/2  cell  and  the  Hill  cell  was  measured  to  be 
1:1.8.  This  limits  the  maximum  electric  field  at  the  cathode 
to  less  than  50  MV/m  and  the  electron  energy  to  3.5  MeV. 
Electrons  are  created  by  a  laser  pulse  incident  on  the 
photocathode  at  either  2°  or  70°.  The  experimental  setup  is 
shown  in  Figure  1. 

For  single  photon  photoemission,  the  photon  energy 
must  exceed  the  work  function  of  Cu  (4.65  eV)(l].  The 
photoinjector  drive  laser  was  designed  to  produce  <  2  ps  laser 
pulses  at  266  nm  (4.66  eV)  with  up  to  200  pJ/pulse.  This  is 
accomplished  using  chirped  pulse  amplification  and 
compression  of  a  mode-locked  YAG  laser  (X=  1.064  pm)  and 
frequency  upcon verting  using  two  KD*P  doubling  crystals. 

A  250  pm  thick  fused  silica  etalon  served  as  the  Cerenkov 
radiator.  The  etalon  side  where  the  electron  beam  entered  was 
sanded  forming  a  diffuse  surface  to  prevent  bunch  lengthening 
due  to  multiple  reflections  Furihetmore,  the  beam  entrance 
side  of  the  etalon  was  covered  with  a  0.005”  thick  aluminum 
foil  which  provides  grounding  of  the  Cerenkov  radiator  and 
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prevents  any  scattered  laser  light  from  entering  the  field  of 
view  of  the  Cerenkov  light.  The  etnlon  was  attached  on  a 
mount  which  was  externally  rotatable  about  an  axis 
perpendicular  to  the  beam.  For  a  relativistic  electron  beam, 
the  angle  of  Cerenkov  radiation  with  respect  to  the  beam  axis 
is 

9,- «*-'(!), 

where  n  is  the  index  of  refraction  of  the  medium.  Fbr  fused 
silica  n  »» 1.46  and  therefore  0C  -  47°.  The  Cerenkov  radiator 
setup  is  depicted  in  Figure  2. 

This  Cerenkov  radiator  allows  1  ps  time  resolution.  The 
limiting  factor  in  the  bunch  length  measurements  is  the  streak 
camera.  We  used  a  Hadk  .id  Imacon  500  streak  camera.  At  the 
fastest  sweep  speed  of  20  ps/mm,  the  time  resolution  is  no 
better  than  3.5  ps. 

The  streak  camera  cannot  be  installed  directly  viewing  the 
Cerenkov  detector  because  of  the  high  levels  of  radiation  inside 
the  lead  shielding.  Therefore  the  Cerenkov  light  is  transported 
through  a  maze  in  the  lead  shielding.  Because  the  light 
intensity  levels  are  near  the  detection  limits  of  the  streak 
camera,  the  Cerenkov  image  is  reduced  by  a  factor  of  4  when 
focused  on  the  streak  camera  slit.  To  achieve  3.S  ps 
resolution,  a  23  pm  slit  is  used  at  the  entrance  to  the  streak 
camera.  Accounting  for  the  400%  reduction  in  image  size,  the 
23  pm  slit  infers  a  100  pm  acceptance  at  the  Cerenkov 
radiator.  The  maximum  time  delay  possible  between  any  two 
Cerenkov  photons  created  by  an  infinitely  small  thin  electron 
beam  is  1  ps.  When  combined  with  the  resolution  of  the 
streak  camera,  the  overall  resolution  of  the  Cerenkov  streak 
system  is  3.6  ps. 

The  streak  camera  resolution  was  verified  by  streaking  the 
laser  pulses.  This  steak  camera  cathode  is  sensitive  to  green 
532  nm  light  but  not  to  UV  266  nm  light.  Therefore,  the 
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Figure  2:  Cerenkov  detector  setup 


Figure  3:  Laser  streak  indicating  streak  camera  resolution 

laser  pulses  were  streaked  after  the  first  doubling  crystal.  A  V2 
reduction  in  pulse  width  should  occur  when  the  green  light  is 
doubled  to  UV.  In  streaking  short  pulses,  care  is  taken  to 
avoid  space  charge  saturation  within  the  streak  camera  which 
can  result  in  erroneous  measurements.  Figure  3  depicts  a 
typical  laser  streak  and  its  corresponding  integrated  intensity 
plot. 

The  laser  pulse  streak  resulted  in  a  pulse  width  of  3.9  ps 
FWHM.  Since  the  resolution  of  the  streak  camera  is  3.5  ps, 
the  actual  laser  pulse  width  is  1.7  ps.  Autocorrelation 
measurements  of  the  CW  mode-locked  YAG  laser  beam  result 
in  pulse  widths  of  2  ps  FWHM.  After  doubling  to  green 
light,  the  pulse  width  is  expected  to  decrease  by  V2,  producing 
1.4  ps  pulses  in  reasonable  agreement  with  the  streak  camera 
measurements. 

m.  EXPERIMENTAL  RESULTS 

The  streak  images  appear  spotted  due  to  the  low  light 
levels  incident  on  the  streak  camera.  Low  light  levels  are 
required  to  avoid  space  charge  lengthening  in  the  streak  camera 
and  to  achieve  3.5  ps  resolution.  In  analyzing  Cerenkov 
streaks,  the  images  are  integrated  along  the  space  axis  to 
provide  better  statistics.  Each  array  element  corresponds  to 
.56  ps.  Since  the  Cerenkov  streak  system  resolution  is  3.6 
ps,  a  smoothing  algorithm  is  used  to  average  over  the  6 
nearest  neighbors  in  die  integrated  array. 

The  first  streak  measurements  were  taken  with  70°  laser 
injection.  Laser  injection  at  70°  produces  bunch  lengthening 
from  a  time  delay  across  the  cathode  as  the  laser  wavefront 
strikes  it.  This  produces  an  electron  beam  with  a  linear  space 
time  correlation.  This  correlation  is  present  in  the  Cerenkov 
streak  shown  in  Figure  4.  A  laser  spot  size  of  2  mm  produces 
a  time  delay  of 
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Figure  4:  Electron  beam  streak  with  70°  laser  injection 


Figure  5:  Electron  beam  streak  for  2°  laser  injection  on  the 
undamaged  port  of  the  cathode 
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The  measured  delay  from  the  streak  in  Figure  4  was  25  ps. 
When  the  streak  is  corrected  for  the  delay  across  the  wavefront, 
die  measured  pulse  width  becomes  13  ps. 

At  2°  injection,  the  time  delay  across  the  cathode  is 
insignificant  and  the  Cerenkov  streaks  indicate  the  electron 
bunch  length  direcdy.  By  focusing  the  laser  spot  to  2  mm, 
we  were  able  to  move  the  laser  spot  to  an  undamaged  portion 
of  the  cathode.  A  streak  from  the  undamaged  cathode  is 
depicted  in  Figure  5.  Streaks  from  the  damaged  poition  of  the 
cathode  resulted  in  slighdy  longer  bunches  due  to  an  elongated 
tail. 


Bunch  length  measurements  with  the  Cerenkov  radiator 
and  streak  camera  resulted  in  9  ps  to  15  ps  FWHM  for  various 
charge  levels  from  .2  nC  to  2.6  nC,  however,  no  correlation 
was  found  between  the  bunch  length  and  the  charge  output 
from  the  rf  gun. 


IV.  DISCUSSION 

All  the  streak  camera  measurements  indicate  electron 
bunch  lengths  longer  than  8  ps.  Measurements  for  2° 
incidence  on  the  undamaged  portion  of  the  cathode  provide  the 
shortest  bunch  length  measurements  averaging  12  ps. 
However,  the  2°  measurements  from  damaged  parts  of  the 
cathode  clearly  characterize  longer  bunches  with  more  time 
structure  and  long  tails.  These  measurements  contradict  the 
assumption  that  electron  bunches  will  mimic  the  laser  pulses 
in  time. 

One  source  for  bunch  lengthening  is  space  charge.  The 
quantum  efficiency  data  indicated  significant  reductions  in 
charge  production  due  to  space  charge[2].  Microemitters  can 
further  aggravate  this  problem  possibly  accounting  for  pulse 


lengthening  and  time  structure  of  the  streaks  from  damaged 
portions  of  the  cathode.  PARMELA[3]  simulations  were 
performed  for  various  output  bunch  charge  levels  from  100  pC 
to  1.3  nC.  These  simulations  show  a  bunch  lengthening  as 
output  charge  is  increased.  For  typical  charge  levels  between 
.4  nC  arid  1.0  nC  PARMELA  predicts  bunch  lengths  from  9 
ps  to  15  ps.  These  bunch  lengths  predictions  are  within  the 
scatter  of  the  measured  bunch  lengths,  however,  the 
measurements  did  not  indicate  a  correlation  with  charge  level. 

V.  CONCLUSION 

In  the  present  experiments,  the  electron  bunch  length  does 
not  mimic  the  laser  pulse  length.  The  shortest  Cerenkov 
streak  measurements  indicate  9  ps  bunch  lengths.  The 
physical  mechanism  for  this  bunch  lengthening  is  under 
investigation.  PARMELA  simulations  showed  that  bunch 
lengthening  on  the  order  of  10  ps  can  occur  due  to  space 
charge,  although,  the  bunch  length  measurements  did  not 
show  a  correlation  between  bunch  length  and  charge  output 
from  the  gun.  However,  even  with  the  bunch  lengthening, 
beam  currents  of  100  A  are  produced. 
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Abstract 

Possibility  of  increasing  quantum  efficiency  of  metal 
pbotocatbodes  by  geometric  alteration  is  being  investigated. 
The  fourth  harmonic  tight  of  Nd:YAG  is  used  to  produce 
photoeksctrans  on  a  mend  surface.  The  pulse  length  is  about 
SO  ps  (FWHM)  and  the  peak  current  is  greater  than  2  A  at  0.7 
MeV.  This  scheme  employs  grooved  surface  with  adjusted 
polarization  mid  other  pertinent  parameters  such  as  extraction 
voltage.  The  measurements  are  done  after  acceleration  by 
O 

DISKTRON  electrostatic  accelerator  which,  with  a 
combination  of  a  laser-induced  photocathode,  gives  fairly 
controllable  bright  short-pulse-electron-beam  up  to  the  energy 
of  over  1  MeV.  This  configuration  permits  us  to  find  the 
overall  improvement  of  e-beam  characteristics  for  the  future 
laser-imdulator-experimenL 

I.  INTRODUCTION 

In  the  last  few  years  laser-induced  photocathodes 
have  become  one  of  the  most  preferred  methods  to  generate  a 
bright  short-pulsed  electron  beam.  However  no  material  that 
possesses  both  a  high  quantum  efficiency  and  high  ruggedness 
so  far  has  been  found.  Therefore  one  could  either  improve  the 
properties  of  the  efficient  but  weaker  materials  or  employ  other 
means  to  enhance  the  efficiency  of  rugged  ones.  We  have 
chosen  to  use  the  latter  method  for  the  improvement  due  to  a 
rather  moderate  vacuum  level  in  our  experimental  facility  and 
our  operational  requirements  such  as  high  stability  of 
operation  and  low  maintenance. 

n.  PRINCIPLES 

There  are  several  ways  to  improve  photoelec tron- 
emisskxi-efficiency  of  a  metal.  One  is  to  use  surface  plasma 
waves  (SPW)  excitation  that  can  also  be  explained  by  Brewster 
angle  reflection  by  modulated  surfaces  of  complex  refractive 
index  [1-3].  This  method  appears  to  be  very  promising  as 
long  as  the  wavelength,  incident  angle  of  the  laser  light,  and 
the  pitch  of  die  surface  modulation  are  properly  tuned.  The 
second  one  is  to  employ  multiphoton  process  that  requires  a 
laser  with  high  power  and  short  pulse  [4]. 


The  easiest  and  most  general  way  to  enhance  the  emission 
efficiency  is  to  change  the  geometric  shape  of  die  target  to 
fully  utilize  the  surface  emission,  namely  to  choose  the 
direction  of  the  light  polarization  and  the  shape  of  die  target  to 
maximize  the  probability  that  electrons  can  escape  die  surface 
of  the  motaL 

It  has  been  known  that  the  quantum  efficiency  of 
photoelectric  effect  depends  on  the  relative  relation  between 
electric  field  and  die  plane  of  incidence  [5].  In  this  experiment 
we  have  shown  a  simple  but  effective  way  to  increase  the 
emission  efficiency  of  a  photocathode,  especially  at  low  power 
level  of  the  input  laser.  In  order  not  to  degrade  the  beam 
emittance,  a  finely  grooved  target  is  used.  The  dimension  of 
the  grooves  is  much  larger  than  the  wavelength  of  the  input 
laser  to  avoid  unexpected  interference.  Fig.  1  shows  the 
microscopical  picture  of  the  edge  and  surface  of  die  target  The 
angle  of  the  slope  with  respect  to  horizontal  direction  is  55 
degree  and  the  area  with  grooves  is  50%  of  the  illuminated 
surface.  This  method  can  be  used  in  many  of  existing  FEL 
photo  injector  just  by  replacing  the  target  and  adjusting  the 
polarization  of  the  laser. 
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Fig.  1  Microscopical  pictures  of  A1  photocathode. 


m.  EXPERIMENT 


A  series  of  experiments  was  conducted  in  the 
configuration  of  relativistic  electron  beam  source 
(DISKTRON®  electrostatic  accelerator  and  a  laser-induced 
photocadwde)  for  the  fimn  laser  undulator  experiment  at  the 
Institute  of  Physical  and  Chemical  Research  (RIKEN)  [6]. 
Pig.  2  shows  a  schematic  of  die  experimental  configuration. 
The  fourth  harmonics  light  of  a  mode-locked  Nd-YAG  laser 
illuminates  the  target  to  produce  an  electron  beam  which  is 
subsequently  accelerated  by  static  electric  field  to  the  energy  of 
0.7  MeV.  The  e-beam  is  wholly  collected  by  a  piece  of 
graphite  and  the  current  is  fed  to  30Q  input.  The  laser  power 
is  initially  measured  by  a  power  meter  for  calibration  and  is 
monitored  by  a  PIN  diode  during  the  measurements.  A  half¬ 
wave  plate  is  placed  in  front  of  the  entrance-beam-port  to  alter 
the  direction  of  the  polarization  of  the  laser  light  The  degree 
of  polarization  of  the  fourth  harmonic  of  the  Nd-YAQ  has  been 
measured  to  be  more  than  90%  and  the  use  of  the  half-wave 
plate  does  not  cause  any  difference  in  terms  of  transmitted  laser 
power  on  the  target  in  two  cases  of  which  the  direction  of  the 
light  potarintiou  is  perpendicular  each  other.  The  grooves  are 
lined  vertically  to  the  experimental  plane  so  that  the 
horizontally  polarized  light  is  regarded  as  P-polarization. 


Lastr  Power  Density  (W/em2) 


Figure  2.  Schematic  of  the  experimental  configuration. 

Fig.  3a  and  3b  show  the  relations  between  laser  power 
density  and  produced  e-beam  current  density  for  an  aluminum 
target  which  has  a  flat  surface.  Three  is  no  clear  difference 
between  two  cases  with  perpendicular  polarization  as  is 
expected.  Fig.  4a  and  4b  are  the  results  of  the  same  kind  of 
measurement  after  replacing  the  target  with  the  one  having  a 
grooved  surface.  It  is  distinctly  shown  that  the  case  of  P- 
poiarized  light  yields  higher  than  that  of  S-pobuized  tight 
Compared  to  the  fiat  target  the  former  case  gives  slightly  more 
than  three  times  higher  quantum  efficiency.  Even  though  the 
available  surface  area  is  increased  for  the  grooved  target,  after 
taking  into  it  into  the  account  that  only  50%  of  the  surface  has 
slopes,  the  real  yield  increase  appears  to  be  more  than  three 
times.  No  noticeable  degradation  of  emittance  was  observed 
after  comparing  die  sizes  of  e-beam  spots  at  the  focus  in  two 


Fig.  3  (a)  Laser  power  density  vs.  e-beam  current  for  the  light 
of  vertical  polarization  using  the /fat  target 
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Fig.  3  (b)  Laser  power  density  v.s.  e-beam  current  for  the  light 
of  horizontal  polarization  using  the  flat  target 
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(a)  Laser  power  density  v.s.  e-beam  current  for  the  light 
of  5  -polarization  using  the  grooved  target 


IV.  CONCLUSION 

It  hat  beta  shown  that  the  quantum  efficiency  of  a  meal 
photocathode  can  be  easily  enhanced  19  to  a  factor  of  three 
simpty  by  replacing  a  flat  target  with  a  grooved  one.  Unlike 
other  methods  such  as  surface-plasma- wave  method 

dris  method  letydrae  no  resonance  condition  so  that  it  can  be 
adapted  m  the  moat  of  existing  photo-injectors  without  many 
modifications. 
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Fig.  4  (b)  Laser  power  density  v.s.  e-beam  current  for  the  light 
of  P  -polarization  using  the  grooved  target 
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RbQtraot  RP  power  input  from  the  RFA  and  an 

axial  hole  through  which  the 
the  RP  gun  to  be  used  in  the  accelerated  electron  beam  also 
Rocketdyne  l  kW  pel  was  cold  tested  passes. 

at  UCLA.  This  gun  follows  the  two  The  electron  bean  is  generated  in 
cavity  BNL  design.  Data  was  taken,  a  quarter  wavelength  cavity,  off  of 
using  a  HP&510B  network  analyser,  a  3  an  dia.  LaB6  cathode.  The 
on  frequency  tuning  with  a  rotating  cathode  is  mounted  on  a  linear 
paddle  in  .the  first  (half)  oayity  feedthrough  so  that  its  position  can 
and  on  frequency  shift  due  to  axial  be  changed  axially  to  allow  fine 
movement  of  the  LaB6  photocathode,  tuning  of  electron  bean  parameters. 
Results  and  analysis  will  be  To  compensate  for  the  frequency 
presented.  shifts  cathode  motion  induces  the 

cavity  is  also  equipped  with  a  small 
1  "Design  of  the  Laser-Driven  RP  tuning  paddle  on  the  side  wall  which 
Electron  Gun  for  the  BNL  Accelerator  tunes  the  cavity  inductively. 

Test  Facility",  K.  T.  MCDONALD,  IEEE  The  gun  is  coupled  to  the  RPA  by  a 
TRANS.  ELECT.  DEV.,  VOL.  35,  waveguide  which  ends  with  a  half 

NO.  11,  NOV  1988  wavelength  stub  past  the  coupling 

slots  to  set  boundary  conditions 
X.  introduction  correctly  for  the  cavities.  The 

stub  also  has  a  pumpout  port  in  it 
Rocketdyne  has  been  developing  to  allow  approximately  100  1/s 

components  for  a  kW  class  PEL  fl],  conductance  from  the  cavities. 

[2].  The  recent  delivery  of  the  Finally  both  cavities  have  RP  pickup 
radio-frequency  power  assembly  loop  diagnostics. 

(RFA) ,  which  consists  primarily  of 

a  SLAC  5045  klystron  and  a  command  III.  THE  MEASUREMENTS 

charge,  feed  forward  modulator  (3] 

allows  testing  of  the  RP  gun  at  high  A  Hewlett  Packard  model  8510B 
power.  Preliminary  to  this  the  gun  Network  Analyzer  was  used  for  the 
was  checked  out  at  the  UCLA  High  measurements.  The  maximum  power 
Frequency  Laboratory  to  verify  its  output  of  +20  dBm  allowed  pickup  of 
operating  characteristics.  This  the  signals  through  the  high 
paper  will  present  the  data  obtained  attenuation  RP  pickup  loops 
and  analyses  which  verifies  that  installed  into  the  two  cavities  of 
nominal  operating  specifications  had  the  gun.  The  RP  probe  was  inserted 
been  met  and  calibration  data  for  into  the  waveguide  through  the 
diagnostics.  pumpout  port,  so  that  coupling  into 

_  _  the  cavities  would  be  the  same  as 

II.  TEX  GUN  high  power  operation,  while 

minimizing  the  path  the  low  signal 
The  RP  gun  consists  of  two  RP  had  to  travel, 
resonant  cavities,  highly  coupled  All  measurements  were  performed  at 
both  through  side  slots  which  allow  atmospheric  pressure  and 
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approximately  75*  F. 

The  measurements  were  made  with 
the  Network  Analyzer  were: 
Frequency  as  a  function  of  axial 
cathode  placement  for  both  O-mode 
and  v-mode  (timing  paddle  fixed) ; 
frequency  as  a  function  of  tuning 
paddle  position  (cathode  position 
fixed) ;  VSWR  with  the  cathode  in 
position  and  removed;  and  pickup 
loop  attenuation. 

VSWR  measurements  were  2.16  with 
the  cathode  removed  and  the  tuning 
paddle  at  172°,  and  1.93  with  the 
cathode  in  place  and  the  tuning 
paddle  at  208* r  a  position  for 
which  the  rr-mode  and  0-mode  are 
degenerate. 

Table  I  gives  data  for 
frequency  vs.  cathode  position. 


TABLE  X 

Dial  ( in)  rr -mode  (GHz) 

0-mode (GHz) 

.223 

2.8551875 

2.8525750 

.222 

2.8551875 

2.8525750 

.220 

2.8551875 

2.8525750 

.215 

2.8552125 

2.8527375 

.210 

2.8552250 

2.8528250 

.205 

2.8552500 

2.8529250 

.200 

2.8552625 

2.8529875 

.199 

2.8552625 

2.8529875 

with  the  cathode  fixed  at  .200" 
(slightly  retracted) 

These  data  show  the  doubly  periodic 
frequency  tune  shift  of  the  paddle 
with  respect  to  rotation,  with  the 
nominal  midpoint  (where  the  paddle 
has  no  net  effect  on  cavity 
frequency)  near  208*±an  odd  multiple 
of  90*. 

XV.  DATA  ANALYSIS 

The  RF  gun  was  specified  to  operate 
at  2.8560  GHz  ±  100  kHz  at  35*  C  in 
vacuum.  In  order  to  compare  the  raw 
data  presented  it  is  necessary  to 
correct  for  differences  in 
temperature  and  pressure.  The 
dielectric  effect  of  dry  air  in 
changing  the  frequency  is  about  800 
kHz,  and  the  gun  was  originally 
tuned  at  the  manufacturer  (Schonberg 
Radiation  Corp.)  for  a  central 
frequency  of  2.8552  GHz.  This  was 
done  at  the  nominal  operating 
temperature  of  35*  C.  From  the 
formula: 

f  -  2.405/ (n*R) 


with  fsfreq. ,  n=index  of  refraction, 
with  the  tuning  paddle  position  172*  and  R=radius  of  cavity.  The  change 
Cathode  position  as  measured  on  in  frequency  w.r.t.  temp,  T,  is: 
indicator  from  linear  feedthrough, 

with  .205"  corresponding  to  the  6f/6T  =  -(f/R)*dR/dT 
cathode  flush  with  the  wall  of  the 


cavity,  so  that  travel  corresponds 
to  .018"  into  the  cavity  to  .006" 


With  R*dR/dT  -  5*E-6  cm/*C  for 


recessed  back  into 

the 

wall. 

the  calculated  change  of  frequency 

Table  II  gives  data 

for 

with  temperature  is: 

frequency  vs . 

tuning  paddle 

position. 

6f/ST=  14.3  kHz/*C 

TABLE 

XX. 

Paddle  FQgt(°) 

fr-mode(GHz) 

This  leads  to  a  downshift  of  0.514 

75 

2.8565000 

MHz  in  going  from  24*C  (75*F)  to 

170 

2.8552000 

35*C  (95*F.)  The  central  frequency. 

208 (degen) 

2.8557250 

corrected  for  temperature  is  then: 

245 

2.8565525 

245(1  rot.) 

2.8564875 

2.85534  GHz 

248 

2.8565000 

250 

2.8565125 

The  manufacturer's  measured  central 

252 

2.8565125 

frequency  is: 

252(1  rot.) 

2.8565125 

258 

2.8565125 

2.85520  GHZ 

340 

2.8551875 

348 

2.8551875 

The  difference  of  0.14  MHz  is  within 
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toltranott  for  agreement. 

T,  CONCLUSION 

The  Rocketdyne  RF  gun  was 
measured  first  at  tha  sanufacturar's 
and  than  at  tha  High  Fraquanoy  Lab. 
at  UCLA  with  good  agraaaant  after 
appropriate  correct  ions .  Additional 
information  needed  for  calibration 
of  rf  pickups  and  the  tuning  loop 
were  also  performed.  This  work  has 
prepared  the  rf  gun  for  installation 
onto  the  power  distribution  system 
from  the  radio  frequency  power 
assembly,  UFA,  allowing  the 
Rocketdyne  PEL  program  to  proceed  to 
high  power  test  and  evaluation  of 
the  RF  gun. 
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Abstract 

Coder  a  joint  collaboration  between  Qiooboi  ood  BNLi 
|  M|h  Arty  tfrpfnr  (>  1%)  ffyftppfl  gUO  is  being 

constructed  Cor  use  at  tte  ATF  facility  at  BNL  This  gun  was 
designed  as  the  electron  source  for  the  proposed  UV  PEL 
Users’ Facility  at  BNL  The  thermally  induced  scram  exceed 
the  yield  strength  of  OFHC  copper.  For  this  reason,  the  gun  is 
fabricated  from  OlidCop,  an  aluminum  oxide  dispersion 
strengthened  copper  alloy. 

I.  INTRODUCTION 

Tire  proposed  UV  PEL  User’s  Facility  at  BNL[1]  win 
require  a  photocatfaode  electron  gun  capable  of  producing 
short  (<  6  paec)  bunches  of  dectraos  at  high  itpediion  rates  (5 
kHz),  low  energy  spread  (<1.0%).  pete  currents  in  excea  of  > 

•W>  a  /vwpi— inwj  — /f  I  flmrp  in  Mffft 

of  3  nC.  The  emiuance  of  the  electron  tenches  is  required  to 
be  below  7  *  mm-miad  (nonnalaod  RMS). 

The  construction  of  such  a  pm  (Cm  II)  Is  nearing 
completion  end*?  a  joint  Gnimman-Brookbaven  National 
Laboratory  r@£airch  collaboration  121.  The  ■*■«*««»  mint  for 
our  design  is  the  present  1-1/2  ceil  BNL  pbotocathodeRF  gun 
(Qua  I)  shown  in  Fig.  1.  Figure  2  shows  the  layout  of  Quo  IL 
Gun  n  consists  of  3-1/2  cells  which  allows  beam  energies  in 
excess  of  9  MeV  to  be  achieved.  The  beam  dynamics  of  tbe 
gun  were  modeled  with  the  MAGICI3]  particle-in-cell  code. 
This  code  is  used  to  study  the  emittance  growth  of  the  eketron 
hunches  as  they  ate  accelerated  through  the  gun,  as  well  as  to 
determine  how  the  operational  parameters  effect  its 
characteristics  (Le.  divergence,  momentum  spread,  energy, 
current). 

The  thermal  and  mechanical  properties  of  the  gun  were 
modeled  with  the  ANSYS(4J  finite  element  code.  Power 
deposition  profiles  were  calculated  with  SUPERFISHI5].  A 
thermal/structural  analysis  was  performed  to  determine  the 
temperature  profiles  and  the  pressure  and  thermally  induced 
stresses. 

II.  BEAM  DYNAMICS  MODELING 

The  MAGIC  code  mclodes  the  effects  of  image  currents, 
space  charge  and  Wakefields.  The  axisymmetric  gun 
geometry  (2-D)  was  modeled  with  exact  gun  fields.  This  is 

•This  work  supported  by  the  Grumman  Corporation  and  the 
Brookteven  National  Laboratory  under  US  DOE  contract. 


I^gurel.  Present  BNL  1-1/2  cell  gun  (Gun  I). 


Figure  2.  Cutaway  view  of  Gun  n  showing  the  locations  of 
the  water  coofing  charnels. 


accomplished  by  prescribing  the  magnetic  field  for  the 
fundamental  TMqi  cylindrical  cavity  mode  and  allowing  the 
cavity  to  ring  while  numerically  damping  out  higher  order 
modes.  The  fiefab  are  then  stored  and  used  for  later  runs  with 
particles.  Figure  3  shows  a  vector  plot  of  the  electric  fields  for 
GuqIL 

The  advantage  of  Ming  the  MAGIC  code  is  that  the  field 
component!  at  the  cavity  apertures  and  team  exit  are 
continuous  and  the  method  of  calculating  the  space  charge 
forces  is  inherently  more  stable.  Typical  simulations  for  a  3- 
1/2  cell  gun  consisted  of  a  grid  2000  x  90  (ZxR)  with  1500 
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Figure  3.  Vector  plot  from  MAGIC  of  the  electric  Geld  in  the 
3-1/2  cell  gun  (Gun  D) 


particle*.  Particle*  are  emitted  in  needy  any  functional  form 
to  radius  and  time  to  model  the  laser  illumination  of  the 
cathode.  Tfcble  1  lists  the  operational  parameters  for  Gun  Q. 


electric  field  is  on  the  cathode  rather  than  on  the  aperture  as  in 
the  previous  case.  This  should  allow  the  cathode  field  to 
reach  110  MV/m  with  the  same  conditioning  that  it  takes  to 
reach  100  MV/m  in  the  present  BNL  gun.  Table  2 
summarizes  the  beam  dynamics  modeling  for  Gun  II. 


Table  2,  Modeling  results  for  Gunn _ 

Charge  (nc)  0.5  IX)  3.0 

Emittance  (k  mm-mrad)  23  3.4  8.9 

Divergence  (x*  mrad)  7.9  83  93 

Momentum  spread  -  02%  -  2.0%  (selectable) 
f  .Bunch  phase  5S°  59°  63° 

Peak  current 

Uncompressed  (A)  118  220  571 

Compressed  (A)  _ 2705  4224  7429 


TYiMel.  Operational  parameters  of  Gun  n 


Number  of  cells  1 

Laser  radius  (lot)  4  mm 

Pulse  length  (±  2ot)  8  nsec 

Cathode  electric  field  (nominal)  100  MV/m 

Beam  momentum  10  MeV/c 

Peak  power  123  MW 

Duty  factor  1% 

RP frequency _ 2.856  GHz 


Most  of  our  simulations  were  done  for  a  1-1/2  cell  gun 
since  they  require  1/4  of  the  computer  time  and  uncover  most 
of  the  underlying  physics.  The  brightness,  B,  was  used  as  one 
figure  of  merit  for  our  gun  design.  We  use  the  definition: 

B»-L  .I.-pSt— 


where  I  is  the  peak  current,  ep  is  the  RMS  invariant  emittance, 
Q  is  the  total  charge,  and  Ob  is  the  bunch  length  (divided  by 
the  speed  of  light).  After  the  beam  exits  the  gun,  it  enters  a 
transport  line  whose  function  is  to  match  the  beam  to  the 
Iinac.  In  addition,  the  transport  line  may  serve  to  magnetically 
compress  the  bunch  length,  resulting  in  peak  currents  >1000 
amps.  The  compressibility  was  determined  analytically  and 
used  to  determine  the  ideally  compressed  current. 

The  divergence  of  the  beam  is  inversely  proportional  toy, 
the  relativistic  factor,  and  the  space  charge  forces  are 
inversely  proportional  to  y*.  Simulations  of  the  full  3-1/2  cell 
gun  show  that  the  addition  of  2  full  cells  for  the  gun  (Gun  II) 
will  double  the  momentum  of  elections  to  10  MeV/c  which 
should  result  in  a  bunch  that  is  more  easily  transported  and 
compressed. 

A  study  was  made  to  determine  the  effect  of  varying  the 
length  of  the  half  cell  on  the  emittance,  divergence  and 
compressibility.  It  was  found  tint  by  increasing  the  length  of 
the  half  cell  from  2.625  cm  (X/4)  to  33  cm,  the  divergence 
was  reduced  by  20%,  the  compressibility  increased  by  a  factor 
of  2,  and  the  effect  oo  the  emittance  was  negligible.  The  33 
cm  first  cell  offers  a  number  of  other  advantages.  The  peak 


ID.  THERMAL  AND  MECHANICAL  DESIGN 

Operation  at  duty  factors  of  1%  present  significant 
challenges  in  the  heat  removal  aspects  of  the  gun  as  well  as 
the  pressure  and  thermally  iiwhrwl  stresses  and  deformations. 
The  half  cell  of  the  gun  will  be  33  cm  long  followed  by  3  full 
cells  each  5.25  cm  (X/2)  in  length.  The  longer  cell  simplifies 
the  construction  of  the  gun  by  reduced  the  space  constraints. 
The  peak  power  in  the  gun  is  123  MW,  thus  an  average 
power  of  125  kW  most  be  removed  from  the  structure.  Since 
Gun  II  will  utilize  n  copper  cathode,  the  cathode  wall  will  be 
constructed  of  a  solid  GlidCop  plate  without  penetrations. 
The  cathode  plate,  four  cylindrical  spool  pieces  and  four 
aperture  pieces  will  be  brazed  together.  The  cathode  plate  is  a 
0.75  cm  long  cylinder  12.25  cm  in  diameter,  with  coolant 
channels  milled  in  a  circular  pattern.  A  second  0.75  cm  long 
cylinder  is  brazed  on  the  back  to  enclose  the  channels.  A  23 
cm  long  cylindrical  spool  piece  is  used  to  connect  the 
photocathode  to  the  aperture.  The  spool  pieces  for  the  full 
cells  are  3.25  cm  long.  All  of  the  spool  piece  are  cooled  by 
circular  channel  machined  into  each  end.  Each  aperture  is 
designed  as  two  cylindrical  pieces,  1.0  cm  long  with  two 
coolant  channels  milled  in  a  circular  pattern,  which  are  brazed 
together.  The  aperture  opening  is  a  separate  machining 
operation. 

We  have  chosen  to  use  GIkICop-25,  an  aluminum  oxide 
dispersion  strengthened  copper  alloy,  which  combines  good 
thermal,  electrical,  and  structural  properties.  The  GlidCop 
will  be  electroplated  with  OFHC  copper  to  provide  the  good 
electrical  conductivity  for  the  cavity  and  a  barrier  for  the 
silver  based  braze  alloys. 

The  thermal  management  of  the  gun  requires  heat 
removal  from  a  cavity  only  8.31  cm  in  diameter  with  peak 
power  densities  of  22  kW/cm^.  The  mode  of  heat  transfer 
chosen  is  turbulent  forced  convection,  the  Dittus-Boelter  heat 
transfer  correlation  was  used.  The  heat  removal  is  provided 
by  pumping  pressurized  water  through  strategically  placed 
coolant  channels. 

The  power  density  was  supplied  by  the  SUPERFISH  code 
for  the  cavity  configurations  evaluated.  The  power  density  in 
the  longer  half  cell  is  decreased  by  nearly  15%.  The  operating 
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pressure  and  temperature  distributions  are  input  to  the 
structural  model  mid  die  pressure  and  thermally  induced 
deformations  and  stresses  are  calculated.  The  resulting 
dfaptaceaeats  are  evaluated  to  determine  the  variation  in 
cavity  deformations  impacting  die  frequency  and  tuning  of  the 
cavity.  The  stresses  are  evaluated  and  compared  to  the 
varioos  stress  categories  in  the  AS  ME  Boiler  and  Pressure 
Vessel  Code. 

The  temperature  distribution  (3-D)  shows  that  the  peak 
temperature  of  die  gun  should  reach  about  144  °C  which 
corresponds  to  a  frequency  shift  of  4.4  MHz.  The  maximum 
Von  Mises  stress  is  less  than  21  ksi  (143  MPa)  with  an 
allowable  of  31  ksi  (214  MPa).  3-D  modeling  indicates  no 
significant  increases  in  either  the  temperatures  or  stresses 
occur  near  the  coupling  slots.  Though  these  stress  levels  are 
well  within  the  allowable  levels  for  GlidCop,  they  exceed  the 
allowable  levels  for  OFHC  copper  (Yield  Stress  « 11  ksi). 

IV.  RF  DYNAMICS 

The  design  of  Gun  II  requires  that  x-mode  phasing  be 
maintained  between  cells  1  and  2  and  between  cells  3  and  4. 
In  addition,  we  would  like  to  vary  the  phase  smoothly  between 
cells  2  and  3.  The  arrangement  of  the  coupling  slots  and  the 
distance  of  the  waveguide  short  from  the  coupling  slots  (ty4) 
preferentially  couples  to  the  a -mode.  Figure  4  shows  the 
mode  separation  and  relative  amplitudes  for  the  0  and  x- 
modes  when  two  adjacent  cells  are  driven  with  a  single  loop 
coupler  or  with  the  waveguide.  Notice  that  the  single  loop 
excites  the  O-mode  most  strongly  by  aperture  coupling  to  the 
second  cavity.  By  comparison,  the  waveguide  most  strongly 
excites  the  x-mode.  The  coupling  constant  is  approximately  5 
xlO4. 

In  order  to  match  die  waveguide  to  the  gun.  die  coupling 
riots  must  be  sized  far  critical  coupling.  The  coupling  is 
dependent  on  the  Q  of  the  cavity,  therefore,  the  coupling  slots 
will  be  slightly  undersized  and  the  gun  will  be  brazed 
together.  The  final  matching  of  the  waveguide  to  the  gun  will 
then  be  achieved  by  shimming  the  height  of  the  waveguide 
above  the  coupling  slots.  This  method  is  preferred  over 
cutting  the  coupling  riots  since  the  resonant  frequency  of  the 
cavity  is  significantly  influenced  by  the  size  of  the  coupling 
slots. 

V.  GUN  STATUS 

The  GlidCop  aperture  sections  and  cathode  plates  have  been 
brazed  into  assemblies  and  have  been  leak  checked.  A  1  cm 
thick  disk  was  brazed  between  the  aperture  halves  of  the 
aperture  which  separates  cells  2  and  3.  This  additional 
thickness  was  found  to  sufficiendy  reduce  the  coupling 
between  cells  2  and  3.  The  apertures  were  then  machined  to 
achieve  the  final  dimensions.  The  apertures  and  cathode  were 
polished  with  diamond  paper  to  achieve  better  than  a  4  micro¬ 
inch  finish.  The  ring  sections  have  been  completed  as  well 
The  apertures  and  rings  have  been  clamped  together  and  final 
tuning  is  nearly  complete.  We  have  been  able  to  achieve 
better  than  20%  field  tilt  between  adjacent  cells. 

After  the  rings  have  been  polished,  all  of  the  GlidCop 
pieces  will  be  copper  plated  with  0.0015"  of  copper.  The 


Figure  4.  Network  analyzer  plots  of  the  mode  structure  in 
Gun  II.  Points  1  and  2  indicate  the  locations  of  the  0-mode 
and  x-modes.  respectively.  Waveguide  driven  (top)  and  loop 
driven  (bottom). 


assemblies  will  then  be  remeasured  and  tuned  by  polishing 
with  copper  wool  in  order  to  achieve  5%  field  tilt  between 
adjacent  cells. 

Once  the  rings  and  apertures  are  in  final  form,  the 
stainless  cooling  tubes  (-60  pieces)  and  exit  tube  will  be 
brazed  to  the  GlidCop  sections.  The  aperture  and  ring 
sections  will  thenbe  brazed  together  and  final  frequency 
measurements  will  be  made  on  the  gun.  If  it  is  necessary  to 
correct  for  the  frequency  of  the  cells  at  this  point,  material  can 
be  removed  from  the  coupling  slots  to  lower  the  frequency  of 
the  cells.  A  shim  will  be  fitted  and  sized  in  the  waveguide  to 
increase  the  coupling  to  slightly  beyond  critical  coupling.  The 
final  step  will  be  to  braze  the  waveguides  to  the  gun. 
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Abstract 

The  positron/electron  linac  for  the  Advanced  Photon 
Source  (APS)  at  Argoone  National  Laboratory  can  be  used  to 
accelerate  electrons  to  650  MeV.  As  pan  of  a  project  to  use  this 
linac  to  test  the  quality  of  insertion  devices,  work  has  been  done 
to  develop  a  higher-brightness  thermionic  microwave  gun  of 
the  SSRL  [1]  type.  The  new  gun  design  has  smaller  eminence 
by  a  factor  of  3  to  4.  The  ratio  of  cathode  field  to  maximum  sur¬ 
face  field  is  more  than  doubled.  The  new  alpha-magnet-based 
transport  line  design  produces  negligible  emittance  degrada¬ 
tion  due  to  chromatic  aberrations,  in  spite  of  the  ±5%  momen¬ 
tum  spread. 

I.  INTRODUCTION  AND  MOTIVATION 

The  advantages  of  using  RF  fields  to  accelerate  electrons 
off  of  a  gun  cathode  arc  increasingly  well-known.  At  S-band, 
surface  electric  fields  in  excess  of  300  MV/m  arc  feasible  [2], 
more  than  an  order  of  magnitude  greater  than  possible  with  DC 
fields.  The  resultant  rapid  acceleration  of  electrons  leads  to  re¬ 
duced  space-charge  effects  in  the  gun.  RF  guns  produce  beams 
with  energies  of  several  MeV,  giving  reduced  space-charge  ef¬ 
fects  during  beam  transport 

Most  RF  gtm  work  involves  the  use  of  laser-pulsed  photo¬ 
cathodes  to  produce  relatively  short  beam  pulses  directly  at  the 
cathode.  While  this  has  a  number  of  advantages,  cost  simplic¬ 
ity,  and  reliability  are  not  currently  among  them.  In  contrast 
the  thermionic  gun  built  at  the  Stanford  Synchrotron  Radiation 
Laboratory  (SSRL)  and  its  associated  systems  are  based  on  sim¬ 
pler  technology,  yielding  reliable  performance  that  exceeds  that 
Of  simple  DC-gun-based  injectors  in  beam  brightness  [3]. 

The  primary  mission  of  the  APS  is  to  provide  X-ray  beams 
from  die  7-GeV  positron  storage  ring.  Many  of  the  beamlines 
will  use  undulaiors,  which  must  be  carefully  constructed  in  or¬ 
der  to  produce  the  desired  X-ray  beam  properties  to  the  user 
without  negatively  impacting  the  positron  beam  dynamics.  The 
primary  purpose  of  the  APS  RF  gun  is  to  provide  a  high-bright¬ 
ness  electron  beam  to  test  insertion  devices  prior  to  installation. 
It  win  also  allow  characterisation  of  novel  insertion  devices 
prior  to  installation.  The  gun  will  be  coupled  with  the  650-MeV 
APS  linac  [4],  now  under  construction. 

A  number  of  testing  techniques  are  under  consideration. 
One  can  determine  the  transport  properties  of  a  device  by  mea¬ 
suring  the  coordinates  of  a  beam  exiting  the  device  as  a  function 
of  the  input  coordinates.  The  beam  emittance  can  be  measured 
before  and  after  the  device,  to  ascertain  whether  there  has  been 
degradation.  The  spectral  properties  and  angular  distribution 
of  the  radiation  can  be  used  as  sensitive  measures  of  the  quality 
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of  the  device.  The  last  two  techniques  require  a  low-emittance 
electron  beam,  but  not  necessarily  a  high-current  one. 

The  normalized  RMS  emittance  of  the  electron  beam  in  the 

horizontal  plane  is  defined  as  em  =  n  J(x%)  (pJ)-{PaX)*  where 

Px  =  ft*Y  is  the  normalized  transverse  momentum  in  the  horizon¬ 
tal  plane.  For  a  sufficiently  mono-energetic  beam,  the  geomet¬ 
ric  RMS  emittance  is  ex  **  It  is  well  known  that  a  neces¬ 

sary  condition  to  coherent  undulator  radiation  is  e, <,  X/4, 
and  similarly  in  the  y  plane,  where  X  is  the  wavelength  of  die 
radiation.  At  the  boundary  of  this  regime,  the  angular  and  spa¬ 
tial  distributions  of  the  radiation  are  roughly  equally  deter¬ 
mined  by  the  properties  of  the  electron  beam  and  of  tbe  undula¬ 
tor. 

Using  the  usual  expression  for  the  wavelength  of  undulator 
radiation,  one  sees  that  coherent  radiation  is  obtained  only 
when  y  ^  Xu  (1  K2/2)  /  (8e„),  where  is  the  undulator  period 
and  K  =  x'm„y.  Hence,  to  a  given  normalized  emittance,  one 
can  obtain  coherent  radiation  by  reducing  the  beam  energy. 
However,  this  is  at  odds  with  the  desire  to  produce  short  wave¬ 
length  radiation. 

Various  undulaiors  will  be  used  at  APS,  with  periods  from 
23  mm  to  200  mm  and  K  values  between  0.3  and  2.7  [5].  With 
beam  energies  between  SO  and  650  MeV,  a  normalized  emit¬ 
tance  of  lOn  •  iDgC  •  pm  gives  coherent  radiation  in  the  UV  to 
IR  for  these  undulator  parameters.  This  emittance  was  chosen 
as  the  goal  to  the  new  gun  and  transport  line  design. 

A.  GUN  DESIGN  CRITERIA 

As  with  the  SSRL  gun,  the  APS  gun  is  a  side-coupled, 
n/2-mode,  standing-wave  structure,  resonant  at  2856  MHz, 
with  a  normalized  load  impedance  of  about  4.  In  order  to  reduce 
the  beam  emittance,  a  number  of  aspects  of  the  SSRL  design 
needed  to  be  improved.  In  considering  what  follows,  the  reader 
may  wish  to  refer  to  Figures  1  and  2,  which  show  the  new  cavity 
phase  and  field  profiles,  respectively. 

1.  Nonlinear  radial  dependence  of  fields.  The  SSRL  gun 
cavity  was  based  on  a  design  optimized  to  high  shunt  imped¬ 
ance,  so  that  the  gun  has  rather  long,  sharp  cavity  noses.  These 
have  been  altered  in  the  new  design  to  produce  a  smoother  vari¬ 
ation  in  die  on-axis  longitudinal  field.  This  is  directly  related 
to  the  magnitude  of  the  non-linear  transverse  dependence  of  die 
fields  [3],  which  has  a  strong  effect  on  the  emittance. 

As  in  the  SSRL  design,  the  APS  design  incorporates  a  mod¬ 
ification  of  the  cathode  end-wall  to  produce  radially-focusing 
electric  fields.  In  the  present  design,  the  structure  producing 
these  fields  is  further  from  the  beam  and  less  abrupt,  giving  a 
more  linear  dependence  of  Er  onr.  Evaluated  at  the  cathode  ra¬ 
dius  of  3  mm,  die  peak  nonlinear  content  of  the  radial  and  longi¬ 
tudinal  fields  have  been  reduced  by  a  factor  of  three  to  four. 
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2.  Magnitude  of  E*  at  the  cathode.  Since  both  tbe  SSRL 
and  APS  guns  are  designed  far  use  with  a  magnetic  compression 
system,  the  output  longitudinal  phase-space  must  exhibit  a 
monotonia  dependence  of  momentum  on  exit  time.  This  re* 
quires  that  particles  arrive  in  the  second  cell  of  the  gun  behind 
the  RF  crest,  which  in  hire  requires  either  lowering  the  first-cell 
fields  relative  to  tbe  second  [1, 3],  or  else  moving  the  cathode 
end-wall  back.  In  the  SSRL  gun,  the  peak  on-axis  fields  in  the 
two  cells  were  in  the  ratio  a  *  Eja/Epi  ~  3.  In  the  APS  gun, 
the  cathode  end-wall  was  moved  back  6  mm,  and  the  first-cell 
fields  were  increased  to  give  a  *  1.63.  The  ratio  on  the  peak 
surface  field  to  the  cathode  field  has  been  increased  from  0.13 
to  0.28.  For  the  same  peak  surface  field,  the  maximum  beam 
momentum  is  about  75%  higher.  However,  for  the  same  maxi¬ 
mum  momemtum,  the  cavity  wall  power  is  approximately  the 
same. 

HI.  GUN  SIMULATIONS 

In  this  section,  I  report  on  die  results  of  simulations  of  the 
gun  using  the  fully  electromagnetic  PIC  code  spiff*  [6].  The 
simulations  were  of  the  entire  gun  with  a  single  bunch  emitted 
from  the  cathode.  Resistive  effects  in  the  cavity  walls  were  not 
included,  so  the  fields  were  created  by  ringing  the  individual 
cells,  not  by  driving  them  to  steady  state. 

Because  the  fields  are  time-varying,  particles  exiting  the 
gun  have  a  momenta  from  some  maximum  down  to  essentially 
zero;  45%  to  55%  of  the  charge  is  in  the  top  10%  of  the  energy 
range.  The  transport  line  will  incorporate  a  momentum  filter 
to  select  just  this  “useful”  portion  of  the  beam. 

Figure  3  shows  the  normalized  RMS  emittance  of  the  use¬ 
ful  beam  versus  the  useful-beam  charge,  for  a  range  of  excita¬ 
tion  levels  and  beam  currents.  The  maximum  current  for  each 
level  corresponds  to  a  current  density  of  J  =  30  A/cm2,  which 
gives  an  approximate  matched  condition  for  the  0  w  4  cavity. 
As  in  the  SSRL  gun,  the  cathode  has  a  3  mm  radius. 

The  emittances  predicted  are  well  below  the  desired  level, 
particularly  at  low  current.  Note  that  the  emittance  of  the  useful 
beam  decreases  with  current  for  Ep2 = 80  MV/m.  This  is  a  result 
of  the  selection  of  a  fixed  fractional  momentum  interval,  which 
does  not  correspond  to  a  fixed  emission  phase  interval. 

Additional  simulations  woe  done  to  assess  the  space- 
charge-induced  emittance  growth  for  the  gun  beam  in  a  drift 
following  the  gun.  These  indicate  that  significant  emittance 
growth  can  occur,  particularly  at  the  higher  current  levels.  For 
Ep2 ■ 60  MV/m  and  J = 20A&m2,  the  emittance  increases  60% 
in  a  50-cm  drift  This  effect  motivates  a  short  gun-to-linac 
transport  system,  which  is  in  conflict  with  the  needs  of  magnetic 
compression. 

IV.  TRANSPORT  LINE 

As  at  SSRL,  APS  will  employ  an  alpha-magnet-based 
magnetic  bunching  system  [7, 3].  The  optimal  system  for  low 
space-charge  consists  of  an  alpha-magnet  and  a  total  of  2  tn  of 
longitudinal  drift  space.  A  significantly  shorter  drift  length 
would  require  a  much  stronger  alpha-magnet,  since  the  optimal 
gradient  is  inversely  proportional  to  L2.  Because  of  the  magni¬ 


tude  of  space-charge  effects  on  the  drifting  beam,  however,  a 
shortening  of  the  transport  line  is  under  consideration,  probably 
at  the  expraise  of  increasing  the  bunch  lengths  from  1  to  2  ps  to 
about  5  ps. 

One  significant  problem  at  SSRL  was  emittance  degrada¬ 
tion  due  to  quadmpole  chromatic  aberrations,  particularly  be¬ 
cause  a  large  momentum  spread  (±10%)  was  utilized.  Simula¬ 
tions  predicted  emittance  increases  by  factors  of  5  to  10,  and 
these  were  ban  out  by  experiment  As  implied  above,  the  pres¬ 
ent  project  will  use  a  smaller  momentum  spread  (±5%).  In 
addition,  a  strategy  for  correcting  the  chromatic  aberrations  was 
developed. 

The  common  approach  to  correcting  aberrations  is  to  make 
a  first-order  design  with  the  desired  optical  properties,  usually 
building  in  symmetry  to  give  cancellation  of  certain  aberrations 
[8].  One  then  adds  nonlinear  elements  to  compensate  as  many 
of  the  remaining  aberrations  as  possible.  It  was  found  that  such 
a  procedure  was  very  difficult  for  the  present  case.  In  particular, 
a  system  with  first-order  optical  symmetry  tends  to  be  longer, 
have  greater  phase  advance,  and  have  more  elements  than  the 
solution  used. 

The  solution  adopted  was  to  optimize  the  first-  and  higher- 
order  properties  of  the  transport  line  simultaneously.  More  pre¬ 
cisely,  the  tracking  program  alogant  [6]  was  used  to  optimize 
tbe  beam  transport  by  tracking  the  initial  phase-space  calcu¬ 
lated  with  spiff*. 

To  understand  this  further,  consider  that  the  initial  phase- 
space  of  the  gun  beam  is  roughly  described  by  x'  =  ax,  with 
(x8)  *  (x'8)  =  0,  where  6  =  Ap/po.  For  simplicity,  I  assume 
that  a  is  constant,  giving  an  initially  zoo  emittance  beam. 

If  such  a  beam  is  sent  through  a  thin-lens  quadrupole  of  fo¬ 
cal  length  fo,  then  the  slopes  become  x'  =  x'  -  ^-^.andthe 

I  *o 

geometric  RMS  emittance  becomes  e,  =  nxL«6.™./f».  The 
immediate  conclusion  from  this  result  is  that  one  should  avoid 
strong  focusing  and  large  beam  sizes  in  designing  the  beamline. 
This  is  one  reason  that  optically  symmetric  systems  are  more 
difficult,  since  obtaining  a  -I  matrix  from  the  start  to  midpoint 
requires  strong  quadruples  or  a  relatively  long  system.  One 
ends  up  seriously  degrading  the  emittance  simply  by  attempting 
to  obtain  the  first-order  optics  solution. 

Another  lesson  that  can  be  drawn  from  this  example  is  that 
the  emittance  degradation  can  be  restored  by  another  quadru¬ 
pole.  For  example,  if  the  initial  beam  has  a  =  0,  then  following 
the  first  quadrupole  by  another  of  equal  but  opposite  strength 
at  a  distance  of  2f0  will  result  in  an  emittance  proportional  to 
&mu — *  e.,  tbe  degradation  is  essentially  cancelled. 

Unfortunately,  this  quadrupole  pair  does  not  form  a  useful 
optical  element  The  point  of  the  example  is  to  convince  the 
reader  that  it  is  possible  to  recover  the  emittance  even  after  deg¬ 
radation,  and  therefore  that  a  beamline  can  be  designed  without 
separate  chromatic  correction  elements.  Figure  4  shows  the 
RMS  beam  sizes  and  normalized  emittances  in  the  transport 
line  designed  for  APS,  using  the  optimization  method  just  dis¬ 
cussed.  The  initial  phase  space  is  from  a  spiff*  simulation 
with  J  =  5  A/cm2  and  Ep2 = 60  MV/m.  This  gives  just  over  50  pC 
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of  uaefttbeam  per  pete,  which  is  adetguate  far  our  primary  ap- 
Future  work  will  attempt  to  extend  these  results  tc 
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Electric  field  profiles  to  the  gun  cavity 
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Figure  3 

Normalized  RMS  emittance  at  the  gun  exit  vs. 
useful  charge  per  bunch 
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Figure  4 

Geometric  emittance  along  the  transport  line 
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Abstract 

ArSSRL/Varian-Aasociates-built,  one-and-a-half  cav¬ 
ity,  microwave,  thermionic-cathode  gun  has  operated  on 
the  SSRL  Injector  Linac  reliably  without  changing  the 
cathode  for  over  10,000  hours,  with  no  significant  decrease 
in  emission.  Thus,  for  a  pulsed  electron  beam,  with  a 
maximum  of  0.5  A  peak  at  2  to  3  MeV  from  a  3.5  MW 
peak  rf  pulse  of  2  /is  pulse  width  at  10  pps,  the  appar¬ 
ent  but  small  amount  of  back  bombardment  of  the  cath¬ 
ode  has  been  tolerable.  Use  of  a  bunch-compression  alpha 
magnet  and  a  stripline  chopper  after  the  gun  produces  the 
required  S-band  3  to  5  microbunches  of  electrons  for  injec¬ 
tion  into  a  standard  10-m-long  linac  and  on  into  a  booster 
synchrotron,  which  in  turn  is  used  to  fill  SPEAR.  Compo¬ 
nent  limitations  and  operating  characteristics  of  the  gun 
and  the  linac ’s  rf  system  are  discussed. 

I.  INTRODUCTION 

There  are  four  thermonic-cathode,  microwave  guns  of 
the  SSRL/VA/AET  type  [1,2,3]  in  existence,  designated 
by  the  following  model  numbers:  SSRL  1,  SSRL  2,  MG- 
200,  and  MG-300,  and  listed  here  in  the  order  in  which 
they  were  built.  SSRL  1  is  being  used  as  the  source  for 
SSRL’s  injector  for.  SPEAR,  and  has  logged  over  10,000 
hours  of  operation  on  the  linac.  SSRL  2  has  been  operat¬ 
ing  for  over  1000  hours  as  the  source  for  a  couple  of  exper¬ 
iments  at  HEPL  on  the  Stanford  campus  [4].  Both  MG- 
200  and  MG-300  were  built  for  ANL’s  new  APS  facility 
that  is  still  under  construction,  and  have  not  been  tested 
yet.  After  testing,  one  is  expected  to  serve  as  a  secondary 
source  [5].  Some  discussion  of  the  operating  characteristics 
of  SSRL  1  follows.  The  complete  layout  of  the  SSRL  linac’s 
rf  system  has  been  described  elsewhere  [6,7].  This  system 
has  behaved  reasonable  well,  with  the  exception  of  some 
modulator  reliability  problems,  and  some  outgassing  and 
arcing  problems.  The  arcing  problems,  described  below, 
seem  mainly  to  have  been  associated  with  one  particular 
accelerator  section  and  load. 

II.  THE  LINAC’S  RADIO  FREQUENCY 
GUN  PERFORMANCE 

Hie  linac  receives  nominally  three  120  MeV  bunches 
of  4  x  10*  electrons  each,  with  a  bunch  spacing  of  350  pa, 
at  a  repetition  rate  of  10  Hz  from  a  chopper,  alpha  mag¬ 
net  and  rf  gun  source.  Thus,  the  gun  only  has  to  pro¬ 
duce  a  steady  beam  for  a  relatively  short  time  during  its 

*Work  supported  by  Department  of  Energy  contract 
DE-AC03-78SF00515  and  the  Office  of  Basid  Energy  Sciences, 
Division  of  Material  Sciences. 
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pulsed  time  on.  The  rf  gun  and  accelerator  section  fill 
times  are  factors  that  have  to  be  coordinated,  since  the 
same  klystrons  and  modulators  supply  the  whole  rf  net¬ 
work.  Five  time  constants  for  the  rf  gun  standing-wave 
cavities  are  about  1.5  /is,  and  the  linear  fill  time  of  the 
travelling-wave  accelerator  sections  is  about  0.8  /is,  so  a 
2-/is-long  rf  pulse  with  a  nominal  1.5  /is  flat  top  is  suffi¬ 
cient  for  operation.  The  gun  cavity  Q0  =  14,000,  as  calcu¬ 
lated  from  a  slotted  line  measurement  of  /?  =  4.4  and  from 
determining  the  pulse  decay  time  from  Fig.  1(a),  which 
shows  the  reflected  signal  from  the  rf  gun  with  the  heater 
off  and  a  square,  signal-generator-level,  incident  pulse. 
Within  measurement  accuracy,  the  values  of  Q„  and  0  are 
the  same  after  10,000  hours  of  operation  as  when  built. 
Figure  1(b)  shows  the  incident  and  the  reflected  signals 
from  the  gun,  also  with  the  heater  off,  but  with  a  high- 
power  incident  pulse.  The  reflected  signal  is  much  less 


Figure  1.  Incident  (full  pulse)  and  reflected  (with  a 
porch)  rf  power  pukes  from  the  rf  gun,  0.5  /is/div, 
(a)  [upper  left]  with  the  heater  off  and  a  10  mW  peak 
pulse  from  a  signal  generator  (the  incident  pulse  is  not 
shown  in  the  oscillograph),  (b)  [upper  right]  with  the 
heater  off  and  a  3.5  MW  peak  incident  pulse,  (c)  [lower 
left]  with  the  heater  on  at  its  normal,  9.0  W,  operating 
level  and  a  3.5  MW  peak  incident  pulse  and  (d)  [lower 
right]  with  the  heater  at  10  W  and  a  3.5  MW  incident 
pulse. 
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ideal  with  the  much-less- thaa-squ&re  incident  pulse  from  a 
modulator  pulse  forming  network.  Figure  1(c)  shows  the 
same  signals  with  the  heater  set  at  its  normal  operating 
point,  which  result  in  a  beam-loaded  reflected  signal.  It 
should  be  noted  here  that  the  cathode  is  run  temperature- 
limited  in  order  to  obtain  the  desired  current  from  rf  accel¬ 
erating  fields  that  allow  the  alpha  magnet-to-bunch  length 
compress  a  few  microbunches  most  effectively  for  injection 
into  the  linac  [2], [3].  If  the  heater  power  is  increased  by 
10%,  the  same  signals  are  as  shown  in  Fig.  1(d). 

It  seems  that  the  heavier  the  beam-loading,  the  ear¬ 
lier  the  beginning  of  the  rise  in  the  reflected  signal  (from  a 
steady,  beam-loaded  state  to  the  cavity  discharging  state 
that  accompanies  turn  off  of  the  incident  pulse).  This  phe¬ 
nomenon,  together  with  the  continually  rising  shape  of  the 
gun  output  current  pulse,  as  seen  in  Fig.  2(a),  may  be  an 
indication  of  the  effects  of  back  bombardment  [8],  and/or 
off-resonance- rf  driving,  or  something  else.  The  SSRL  1 
gun  has  never  had  to  "se  a  bias  or  deflecting  magnet  to  di¬ 
vert  the  back-bombarding  beam  away  from  the  cathode  to 
prevent  overheating.  The  SSRL  2  gun,  which  is  being  run 
at  higher  power  and  is  being  studied  extensively  for  such 
effects,  is  operated  with  a  deflecting  magnet  [8],  as  was  one 
of  the  earliest  rf  guns  [9]. 


Figure  2.  Current  pulse  (upper  and  inverted)  directly 
out  of  the  rf  gun  as  compared  in  time,  0.5  ps/div,  to 

(a)  [left]  the  gun  reflected  rf  power  pulse  (lower),  and 

(b)  [right]  the  current  pulse  (lower)  after  being  scraped 
and  compressed  by  the  alpha  magnet. 


Another  complication  occurs  with  the  timing  of  the 
compressed  current  pulse  out  of  the  alpha  magnet,  in  com¬ 
parison  with  current  directly  out  of  the  gun,  as  seen  in 
Fig.  2(b).  The  amplitude  of  the  former  is  reduced  from 
that  of  the  latter  by  a  low-energy  tail  scraper.  Computer 
calculations  undoubtly  predict  that  the  maximum  in  the 
high  energy  portion  of  the  current  pulse  occurs  before  full 
beam  loading.  However,  since  measurements  of  the  rf  field 
levels  in  the  two  cells  of  the  gun  during  operation  is  only 
possible  with  MG-200  and  MG-300  (which  have  coupling 
loops  built  into  them),  this  will  have  to  wait  for  computer 
model  verification.  It  turns  out  that,  for  3.75  MW  of  in¬ 
cident  power  some  component  (a  faulty  vacuum  window?) 


in  the  gun’s  drive,  rectangular  waveguide  network  arcs  oc¬ 
casionally,  abruptly  dropping  the  incident  signal’s  ampli¬ 
tude.  As  a  result,  the  reflected  signal  (actually  only  an 
emitted  signal  from  the  cavity  remains)  rises  sharply,  then 
decays  with  the  cavity’s  time  constant,  as  the  theory  says. 
Thus,  there  is  reason  to  believe  that  the  unexplained  pulse 
shapes  of  some  of  the  previous  figures  are  real. 

The  gun’s  first  cathode  died  at  an  early  age  while  un¬ 
dergoing  initial  beam  tests  in  one  of  Varian  Associates’ 
Clinae  test  cells  under  high  rf  fields  and  a  long  pulse  length 
(close  to  6  MW  for  6  ft*).  The  initial  test  setup  was  not 
fully  instrumented  with  vacuum  interlocks,  so  the  appar¬ 
ent  cause  of  failure  was  from  poor  vacuum  during  excessive 
processing  discharges  and  excessive  heating  of  the  cath¬ 
ode  due  to  back  bombardment.  The  gun’s  rectangular- 
waveguide  ceramic  window  cracked  and  the  poisoned  cath¬ 
ode  was  found  to  be  severely  crevassed  in  some  areas.  Be¬ 
fore  the  failure,  the  heater  power  supply  could  be  com¬ 
pletely  turned  off  once  emission  was  established,  which  is 
a  good  indication  of  self-heating  from  back  bombardment. 
With  a  long  pulse  and  high  fields,  the  current  out  of  the 
gun  was  found  to  increase  exponentially  after  about  3  or 
4  ft 8  into  the  pulse.  Thus  the  initial  plateau  value  that  was 
reached  some  2  to  3  ft*  into  the  pulse  would  rise  to  triple 
or  quadruple  the  current  before  pulse  breakup  occurred  at 
about  4  to  5  fta,  from  yet  some  other  undiagnosed  instabil¬ 
ity.  Subsequent  tests  of  the  gun  on  the  linac  have  resulted 
in  relatively  stable  operation  with  less  than  4  MW  of  peak 
rf  drive  power  to  the  gun  at  10  pps  and  a  2  ft*  pulse  width. 
The  more  than  10,000  hours  now  logged  on  the  second 
cathode  have  been  under  these  less  strenuous  running  con¬ 
ditions.  It  seems  that  rf  guns  with  thermionic-cathodes  do 
have  some  interesting  quirks  that  could  bear  further  study. 

III.  ACCELERATOR  SECTION  AND  RADIO 
FREQUENCY  LOAD  PERFORMANCE 

The  linac’s  three,  3-m-long,  accelerator  sections  and 
rf  loads  were  purchased  from  IHEP  in  Beijing,  PRC.  They 
have  performed  very  well,  with  the  exception  of  a  not- 
very-wel 1  understood  arcing  and  outgassing  problem  that 
occurred  almost  exclusively  with  one  load.  This  problem 
manifested  itself  in  terms  of  high  reflected  power  signals 
from  either  within  the  guide  or  from  the  kanthal-coated, 
vacuum,  rectangular-waveguide  load  of  the  SLAC-type. 
Most  kanthal  loads  of  this  type  are  notorious  sources  of 
prolonged  outgassing  and  multipactoring.  Thus,  to  be  safe 
after  exposure  to  air  and  before  rf  processing,  all  the  loads 
are  treated  with  a  160#C  dry  nitrogen  bake  for  24  hours 
and  then  with  a  160°C  vacuum  bake  for  several  days. 
The  duration  of  the  vacuum  bake  depends  upon  the  pump 
down  rate. 

'>ome  tests  of  a  load  on  a  SLAC  klyston  test  stand  in¬ 
dicated  a  VSWR  that  increased  from  1.05:1  at  signal  gen¬ 
erator  power  levels  to  1.26:1  at  0.1  MW  peak,  and  to  over 
4:1  at  8  MW.  peak.  A  permanent  magnet  passed  along  the 
length  of  the  load  could  change  the  VSWR  and  the  out¬ 
gassing  rate  considerably,  suggesting  some  sort  of  discharge 
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phenomenon.  The  high  reflected  power  signals  could  be 
processed  away,  but  they  have  also  occasionally  returned, 
so  the  problem  load  has  been  replaced  by  a  water  load 
with  double  ceramic  windows  with  a  “guard  vacuum”  in 
between.  The  guard  vacuum  is  instrumented  to  hopefully 
give  an  early  warning  of  any  impending  water- to- vacuum 
leaks.  An  improved,  high  peak  power,  high  vacuum  load 
with  external  water  cooling  is  being  sought.  Some  ideas 
and  designs  are  on  the  horison  [10];  currently,  they  are  in 
the  process  of  being  incorporated  into  a  readily  available 
proven  product  [11]. 
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Abstract 

One  of  the  attractive  features  of  the 
superconducting  approach  to  linear  collider  design 
is  that  the  transverse  emittances  demanded  are 
much  larger  than  in  normal  conducting  schemes. 
For  TESLA  design  parameters,  the  damping  rings 
appear  to  be  relatively  huge  and  expensive,  and  it  is 
therefore  of  some  interest  to  look  into  alternative 
sources.  For  electrons,  a  promising  source  candidate 
is  an  if  photocathdde.  In  this  paper,  we  present 
conceptual  design  work  towards  development  of  an 
asymmetric  emittance  rf  photocathode  source  which 
can  operate  at  the  TESLA  repetition  rates  and  duty 
cycle,  and  is  capable  of  emitting  beams  with  the 
required  emittances  and  charge  per  pulse. 

1.  INTRODUCTION 

In  linear  colliders,  the  transverse  emittances 
are  generally  asymmetric,  for  a  variety  of  reasons. 
The  most  compelling  have  to  do  with  ameliorating 
the  effects  of  the  beam-beam  interaction  by 

colliding  "flat"  beams  ( ax»oy ).  This  allows  the 
beamstrahlung  energy  loss  and  spurious  pair 
creation  to  be  minimized,  while  at  the  same  time 
loosening  the  constraints  on  the  final  focus  system 
and  allowing  the  beams  to  collide  at  a  small  angle, 
easing  the  task  of  disposing  the  beam  exhaust  In 
addition,  the  standard  way  of  obtaining  low 

emittance  e*  beams  is  through  the  use  of  damping 
rings,  which  naturally  give  horizontal  emittances 
which  are  much  larger  than  vertical  (£, »  ey). 

For  the  TESLA  design  parameters,  however, 
die  higher  average  cunrent  allows  for  relaxation  of 
the  beam  sizes  at  the  final  focus.  This  in  turn 
implies  that  the  emittances  can  be  substantial  larger 
in  an  SRF  linear  collider.  In  fact  the  TESLA 
parameter  sets  usually  specify  horizontal  and 
vertical  normalized  emittances  of  25-50  and  1  mm- 
mrad,  respectively.  These  numbers  are  nearly  two 
orders  of  magnitude  larger  than  the  corresponding 
normal  conducting  linear  collider  designs  specify. 
These  numbers  are,  in  fact,  near  die  present  state  of 
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the  art  in  if  photo-cathode  technology.  This  state  of 
affairs  naturally  has  prompted  the  suggestion  that 
the  electron  beam  in  an  SRF  collider  might  be 
created  by  an  rf  photocathode  source,  doing  away 
with  the  electron  damping  ring. 

IL  ASYMMETRIC  EMITTANCE  RF 
PHOTOCATHODE  GUNS 


There  is  considerable  experience  in  prod- 
using  symmetric  high  brightness  photocathode 
sources,  whose  charge  per  bunch  and  product  of 
transverse  emittances  exey  are  near  that  demanded 

by  TESLA  designs.  Unfortunately,  it  is  not  possible 
to  produce  an  asymmetric  emittance  beam  from  a 
symmetric  beam  which  has  a  smaller  emittance  in 
one  plane  than  the  original  symmetric  emittance 
(see  discussion  in  the  Appendix).  Thus  one  must 
start  with  an  asymmetric  beam,  ax»ay. 

The  scaling  of  the  emittances  with  beam  and 
rf  parameters  rf  photocathode  sources  has  been 
examined  in  previous  woik.[l]  The  emittances  arise 
from  three  sources:  the  effective  temperature  of  the 
photoelectrons  (which  is  usually  ignorable),  the 
time-dependence  of  the  transverse  rf  fields,  and 
space  charge. 

The  rf  contribution  to  the  rms  emittances  is, 
following  Kim[2] 

eiy  =  ^WkW^.y 

where  W  =  eE^  /  mec2,  and  and  lcrf  are  the  rf 
electric  field  amplitude  and  wave-number, 
respectively.  This  scaling  pushes  one  to  longer  rf 
wavelength  and  impacts  the  large  dimension  (x  in 
our  case)  emittance  much  more  severely  than  the 
small  dimension. 

The  space  charge  contribution  has  been 
estimated  from  simulations  and  model  calculations 
to  be,  with  laser  injection  phase  <p0. 


It  is  also  interesting  to  note  that  the  product 
of  the  emittances  takes  the  form 
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'  ’  L  TW  J  o,o. 

The  exponential  term  is  on  the  order  of  unity,  and 
so,  at  fust  glance,  it  would  seem  that  one  can  make 
the  emittances  arbitrarily  small  by  raising  <Jxay, 

but  this  option  is  suppressed  by  the  scaling  of  the  rf 
component  to  the  emittance.  In  addition,  the 
minimizing  ofey  is  ultimately  constrained  by  the 
longitudinal  space  charge  limit  on  minimum  beam 
spot  size[l],  which  is 

^  2Nbr, 

<T*<7’  Wsin«poy 

This  limit  has  been  verified  experimentally [3].  Use 
of  a  beam  at  this  limit  allows  us  to  rewrite  the  emit¬ 
tance  product  as 

This  points  out  the  need  to  maximize  the  beam 
length,  which  can  be  exploited  if  one  can  circum¬ 
vent  the  scaling  of  £*x,,y  This  point  will  be 
returned  to  below. 

m.  DESIGN:  BEAM  DYNAMICS 

It  is  clear  that  we  would  like  to  design  a 
source  at  as  low  a  frequency  as  possible  since  we 
are  pushed  towards  large  at.  We  also  need, 
however,  large  accelerating  gradients  (large  W), 
which  implies  higher  frequencies.  A  good  optimum 
appears  to  be  at  1300  MHz,  which  is  conveniently 
the  TESLA  rf  frequency.  We  have  examined  the 
behavior  of  an  asymmetric  beam  in  a  1.5  cell  1300 
MHz  standing  wave  re-mode  gun,  with  parameters 
as  listed  in  Table  1,  by  inputting  an  asymmetric 
beam  profile  into  a  form  of  PARMELA  which  uses 

_ _ •  .  * _ _ •  a _ _ _ 1 _ 1  _ _ 


Beam  sizes  ( <rx,  cy ,  ax) 

8, 0.25, 2  mm 

Beam  population  Nb 

5xl010 

Accelerating  field  Ei 

90  MV/m 

Final  energy  Eb 

8  MeV  — ‘ 

Final  emittances  £„,ev 

95,4.5  mm-mrad 

Table  1.  parameters  for  PA 

RMELA  design  calculation  of 

asymmetric  emittance  rf  photocathode  source. 

For  the  input  beam  charge  and  dimensions 
given,  our  final  scaling  law  gives  £*ef  =  400 

(mm  -  mrad)2  which  is  in  fact  very  close  to  what  is 
obtained  by  the  simulation.  We  have  fallen  short  of 


the  TESLA  design  goals  ( exey  £  50  (mm  -  mrad)1) 

by  a  factor  of  2  to  4  in  both  transverse  dimensions. 
This  is  not  as  discouraging  as  it  may  seem,  since 
both  the  rf  and  space  charge  contributions  to  the 
emittance  can  be  mitigated.  Dynamical  correction 
of  the  space-charge  derived  emittance  is  practiced 
at  LANL  and  preliminary  calculations^]  indicate 
that  it  may  allow  TESLA  design  emittances  to  be 
obtained  in  a  1300  MHz  photoinjector.  In  addition, 
we  are  presently  examining  the  effects  of  using  an 
asymmetric  cavity,  using  the  3-D  electromagnetic 

code  ARGUS,  to  minimize  ef. 


Figure  1:  Evolution  of  the  rms  beam  envelopes  in  1.5  cell  gun. 

The  beam  dynamics  in  the  gun  are  domin¬ 
ated  by  the  alternating  gradient  rf  focusing5,  as  is 
shown  in  Figure  2.  Beam  transport  after  the  gun 
must  also  be  optimized  to  produce  no  emittance 
degradation.  One  common  focusing  element  which 
is  not  allowed  is  the  solenoid.  Even  if  one  achieves 
a  linear  n re  rotation  to  uncouple  the  beam,  chromatic 
focusing  (and  rotation)  effects,  as  well  as  space- 
charge  effects  (even  at  8  MeV,  the  transverse 

electric  field  will  produce  an  ExB  rotation 
dependent  on  position  in  the  beam),  will  destroy  the 
smaller  emittance  ey. 

IV.  DESIGN:  DUTY  CYCLE  EFFECTS 

The  TESLA  duty  cycle  presents  some  diffi¬ 
cult  challenges  to  rf  photocathode  source  design. 
The  most  obvious  is  in  rf  power,  both  average  and 
peak.  The  shunt  impedance  of  our  gun  design  is 

ZT2  =27  Mfl/m,  and  thus  the  peak  power  is  15 
MW.  This  peak  power  must  be  applied  for  about  1 
msec,  with  a  one  percent  duty  cycle.  During  each 
pulse  800  bunches  are  extracted  at  a  one  MHz  rate. 
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This  is  problematic  in  terms  of  both 
obtaining  and  dissipating  the  rf  power.  A  thermal 
and  structural  analysis  was  performed,  in  which  the 
average  power  (ISO  kW)  was  not  found  to  be 
difficult  to  handle.  This  is  not  surprising,  as  the 
Grumman/BNL  gun [6]  has  a  similar  average  power, 
with  a  smaller  mass.  The  peak  power  and  the  long 
rf  pulse,  may  be  more  serious  an  issue.  Fig.  2  shows 
the  maximum  temperature  in  the  structure  for  the 
transient  case,  and  we  see  that  the  peak  temperature 
rise  per  pulse  is  only  IS  degrees.  The  structural 
analysis  is  not  complete,  however,  and  so  the  issue 
of  the  effect  of  the  heating  on  rf  performance  is  not 
resolved.  Also  of  impact  on  this  design  is  the  lack 
of  a  commercial  klystron  with  the  required  specific¬ 
ations;  the  closest  models  in  performance  are 
presently  the  Thomson  TH  21 15  and  TD2104U. 


t  (sec) 

Figure  2.  Transient  profile  of  maximum  temperature  in  rf 
photocathode  gun  structure. 


The  other  major  problem  associated  the 
TESLA  time  structure  is  that  of  obtaining  a  uniform 
(in  laser  energy)  800  pulse  train  at  a  1  MHz  rate 
during  the  if  pulse.  This  subject  is  still  under  study. 

Appendix:  Impossibility  of  reducing  the  minimum 
emittance  in  a  transverse  phase  plane 

The  normalized  rms  emittances  are 
constrained  to  evolve  in  certain  ways.  In  particular 
the  invariance  of  the  determinant  of  the  beam  a 
matrix  under  linear  transport  gives  the  condition 

ex£)  =  constant  =  £%. 
where  the  rms  emittances  are  defined  by 
£2X  =(x2Xx’2)-(xx')2 

£? =(y2)(y2)-{y?)2- 

There  are  also  many  invariants  associated 
with  higher  moments  of  the  Vlasov  equation,  as 
discussed  by  Rangajaran,  et  al.[7]  Of  particular 


interest  is  a  second  order  moment,  which 
considering  only  transverse  phase  space  is 

=el  +  e2,  +  2{xyYX  y)  -  2  {xy^x1  y). 

This  invariant  moment  is  a  constant  of  the 
motion  even  if  the  x  and  y  phase  space  planes 
become  coupled.  Note  that  if  one  introduces  an 
infinitesimal  coupling  to  a  previously  uncoupled 
system,  it  must  be  by  applying  a  skew  quadrupole 
lack,  which  only  changes  the  last  term  in  the  above 
equation.  In  that  case,  it  is  easy  to  show  that  a  lack 
of  this  form  causes  this  additional  term  to  be 

positive,  (xy){x?  y)>0.  Thus  the  rms  emittances 
must  grow  if  one  couples  the  phase  space  planes,  in 
order  to  preserve  the  invariance  of  £2  • 

Because  of  this,  if  one  begins  with 
uncoupled  phase  space  planes,  one  must  always 
completely  uncouple  the  phase  space  planes  in 
order  to  obtain  a  minimum  sum  of  squares  of  the 
emittances.  Now  we  have  a  second  constraint  on  the 
emittances,  derived  from  the  second  order  invariant, 

e\  =  constant »  e]  +  £* 

If  we  now  apply  both  constraints  on  the 
emittances,  we  can  derive  a  condition  for  the  final 
state  emittances  in  terms  of  the  initial  emittances  £, 


and  ey,  as  follows.  We  have 

Cj  ~  ^xo  e,o  and  £0  =  £,0^*0  • 

Solving  this  system  for  the  final  emittances,  we 
have 


2  e2 

bx.y - T  ~  bx0  °r  by0’ 


The  final  emittances,  under  this  uncoupled 
condition,  can  take  on  only  the  value  of  either  of 
the  initial  emittances.  Leaving  the  emittances 
unchanged  is  obtained  by  any  total  transformation 
which  contains  a  rotation  of  nn,  and  exchange  of 
the  two  emittances  by  any  transformation 

containing  a  rotation  of  ( n  +  \)it  ( n  integer). 
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Abstract 

The  electron  injector  for  the  SLAC  Linear 
Coherent  Light  Source[l]  (LCLS)  must  produce  a 
low  jitter,  high  brightness  beam.  This  beam  must 
be  accelerated  and  longitudinally  compressed  to 
yield  a  sub-picosecond  beam  which  radiates  a 
burst  of  self- amplified  spontaneous  emission  x- 
rays  upon  passing  through  a  long  undulator.  As 
the  gain  of  this  amplifier  is  very  sensitive  to  the 
emittance,  energy  spread  and  peak  current  the 
electron  source  and  subsequent  transport, 
acceleration,  and  compression  systems  must 
repioducibly  give  a  very  high  quality  beam.  The 
conceptual  design  of  an  rf  photocathode  gun 
which  satisfies  the  requirements  of  the  LCLS  is 
presented  here. 

I.  INTRODUCTION 

The  proposed  SLAC  LCLS  is  designed  to 
be  an  R&D  facility  based  on  the  FEL  principle 
which  provides  sub-picosecond  pulses  of  x-rays  in 
the  2-4  nm  spectral  region.  The  LCLS  injector, 
which  must  produce  the  electron  beam  which  is 
then  accelerated  in  the  SLAC  linac  to  an  energy 
of  £  7  GeV,  must  satisfy  fairly  stringent  require¬ 
ments  on  beam  quality.  The  beam  emittance  must 
be  very  small,  while  producing  a  nanocoulomb  of 
charge  in  a  picosecond  bunch  length.  The 

{>arameters  of  the  injector  we  have  studied  are 
isted  in  Table  1. 


Final  energy  E 

lOMeV - 

Norm,  emittance  e. 

3  mm-mrad 

Number  of  electrons  N 

6xl09  1 

Bunch  length  at 

2  psec 

Rf  structure 

3+^  cell,  jr-mode 

Shunt  impedance  ZT 2 

40  Mfi/m 

Rf  frequency 

2856  MHz 

Laser  wavelength  X 

248  nm 

Cathode  material 

LaB6 

Table  1:  Parameters  of  SLAC  LCLS  photoinjector. 
0-7803-1203-1/93S03.00  © 1993  IEEE 


While  the  design  peak  current  emitted  by 
this  gun  is  above  200  A,  the  requirements  of  gain 
length  in  the  undulator  are  such  that  the  beam 
must  undergo  longitudinal  compression  to  raise 
the  peak  current  by  an  order  of  magnitude.  This 
compression  is  very  much  dependent  on  both  the 
phase  of  the  accelerating  rf  wave  and  the 
longitudinal  wake-fields  in  the  linac,  and  so  the 
final  bunch  length  will  not  be  reproducible  if  the 
time  of  beam  emission  (laser  beam  injection) 
and/or  the  charge  per  bunch  have  large  variations. 
Because  of  concerns  on  reliability  and  feasibility 
of  the  photoinjector,  a  design  which  takes 
maximum  advantage  of  proven  technology,  and 
recent  experience  in  photoinjector  development 
has  been  explored,  and  is  outlined  below. 

D.RF  DESIGN 

The  rf  gun  structure  chosen  is  of  a  type 
evolved  from  the  high  gradient  guns  in  use  at  BNL 
and  UCLA.  It  is  a  three-and-one  half  cell  standing 
wave  TT-mode  cavity,  which  is  nominally  operated 
with  a  peak  accelerating  gradient  of  E ^  =100 

MV/m.  The  frequency  was  chosen  to  coincide 
with  the  that  of  the  SLAC  linac  structure,  mainly 
because  of  ready  availability  of  the  power  source, 
but  also  because  of  the  proven  ability  to  reach  high 
fields  in  other  S-band  structures.  The  large 
accelerating  field  is  chosen  to  minimize  the 
contribution  of  space  charge  to  the  emittance 
growth  the  beam  undergoes  during  acceleration. 
Both  a  replica  of  the  BNL  structure  and  a  modified 
structure  with  larger  iris  openings  were  examined 
for  use  in  this  gun;  the  modified  structure,  with  its 
higher  intercell  coupling,  allowed  superior  mode 
separation,  more  linear  transverse  rf  fields,  and 
greater  flexibility  in  regard  to  coupling  of  the 
cavity  to  the  wave-guide. 

The  high  field  levels  in  the  gun  imply  that 
a  peak  power  of  13.6  MW  must  be  supplied  to  the 
structure,  well  within  the  reach  of  a  SLAC  XK5 
klystron.  Assuming  a  maximum  repetition  rate  of 
120  Hz,  and  a  minimum  pulse  length  of  2.25 
microseconds  (three  rf  fill  times),  the  average  rf 
power  in  the  structure  is  50  kW,  which  is 
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approximately  one-half  that  dissipated  in  a  similar, 
optimally  cooled  gun  designed  by  Grumman  and 
BNL[2]. 

The  use  of  a  high  gradient  standing  wave 
accelerating  field  also  mitigates  the  need  for 
external  focusing,  due  to  die  strong  ponderomodve 
(alternating  gradient,  AG)  rf  focusing  provided  by 
the  backward  wave[3].  A  design  with  a  lower  field 
in  the  initial  half-cell  was  also  studied,  to  enhance 
the  rf  focusing  effect,  and  yield  a  smaller  beam, 
with  a  smaller  divergence  at  the  exit  of  the  gun. 

m.  BEAM  DYNAMICS 

The  beam  dynamics  in  the  gun  were 
analyzed  using  the  simulation  codes  PARMELA, 
which  is  calculates  the  particle  trajectories  using 
an  approximate  (radiation  free)  treatment  of  the 
beam  self-fields,  and  1TACA[4],  an  axisymmetric 
particle-in-cell  (PIC)  code  which  calculates  the 
fully  self-consistent  electromagnetic  cavity,  space- 
charge  and  (radiation)  wake-fields. 


Figure  1:  The  rms  transverse  beam  envelope,  calculated  by 
PARMELA,  for  the  cases  of  equal  (solid)  and  unequal  (dots) 
field  in  half  and  full  cells. 


The  behavior  of  the  beam  envelope, 
obtained  from  1000  particle  PARMELA  simul¬ 
ations,  is  shown  in  Fig.  1.  The  dotted  line 
corresponds  to  a  uniform  100  MV/m  field,  and  the 
AG  rf  focusing  provided  (which  is  equivalent  to  a 

solenoidal  magnetic  field  of  Bz  =  =  2.3 

kG)  controls  the  beam  expansion  inside  of  the  gun. 
The  exit  of  the  gun  is  effectively  a  powerful 
unmatched  defocusing  lens  of  focal  length 
/  =  2 Eb  /  E^—20  cm[5].  It  is  thus  desirable  to 

keep  the  beam  even  smaller  at  this  point,  which 
can  be  accomplished  by  using  a  smaller  field  at 


half-cell,  so  that  the  kicks  are  unmatched  at  the 
first  iris,  and  the  focusing  there  is  made  stronger 
than  the  balanced  AG  focusing.  This  case  is 
shown  by  the  solid  line,  where  die  half-cell  field 
amplitude  is  82  MV/m,  and  the  full  cells  are  run  at 
108  MV/m.  The  beam  size  and  divergence  at  exit 
of  the  gun  are  reduced  by  a  factor  of  two  over  the 
balanced  field  case.  These  reductions  are  quite 
important,  as  too  strong  of  focusing  employed 
after  the  gun  tends  to  give  significant  transverse 
emittance  growth  from  chromatic  effects. 

These  effects  can  also  be  minimized  by 
controlling  the  energy  spread  at  the  gun  exit  The 
longitudinal  phase  space  at  the  gun  exit,  as 
calculated  by  PARMELA  for  an  optimum  initial 
launch  phase  of  62  degrees,  is  shown  in  Fig.  2. 
The  energy  spread  in  this  case  is  Sp/  p  =  0.18%. 
This  phase  space  distribution  was  used  as  input  for 
the  transport  and  longitudinal  compression  simul¬ 
ations  performed  by  Seeman,  et  al.[ 6] 


Az  (cm) 

Figure  2:  Longitudinal  phase  space  at  gun  exit,  from 
PARMELA  simulation. 


For  die  accurate  calculation  of  the  expected 
emittance  the  PIC  code  ITACA,  with  its  lower 
inherent  numerical  noise  level,  was  used.  Several 
methods  of  tailoring  the  beam  distribution  were 
used  to  minimize  the  final  emittance,  including  use 
of  a  longitudinally  uniform  beam  pulse,  and  a 
cutoff  transverse  gaussian  distribution.  The  latter 
can  be  trivially  achieved  by  collimation;  the 
former  is  perhaps  more  problematic,  but  might  be 
achieved  by  use  of  a  saturable  optical  element 

The  normalized  rms  emittance  calculated 
by  ITACA  using  a  nonoptimized  beam  distrib¬ 
ution  was  3  mm-mrad.  If  an  optimized 
distribution^],  which  employs  a  beam  with  a 
transverse  gaussian  cut-off  at  1.5  cr.  is  used,  then 
the  transverse  emittance  is  below  1.5  mm-mrad. 
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which  is  near  die  thermal  limit  This  is  shown  in 
Fig.  3.  Only  the  dynamics  in  the  first  half  of  the 
gun,  where  nearly  all  of  the  emittance  growth 
occurs,  is  shown,  due  to  die  excessive  computing 
time  demanded  for  analyzing  the  full  structure. 

The  beam  transverse  dynamics  after  the 
gun  are  still  investigation.  The  preservation  of  the 
emittance  during  subsequent  transport  and  acceler¬ 
ation  must  be  examined  in  detail.  This  region  of 
the  beamline  does  not  just  present  a  challenge  in 
preserving  emittance,  however.  There  are  schemes 
which  have  been  studied  and  implemented[8]  in 
which  the  space-charge  derived  emittance  has 
been  removed  by  appropriate  beam  transport 


Figure  3:  ITACA  simulation  of  the  evolution  of  the 
transverse  rms  emittance  for  the  optimized  beam 
distribution,  in  the  first  half  of  the  gun.  Shown:  rms 
normalized  (whole  beam,  solid;  beam  core,  large  dash)  and 
unnormalized  (small  dash). 

IV.  LASER  AND  PHOTOCATHODE 

The  reproducibility  of  the  x-ray  pulse 
derived  from  the  LCLS  is  critically  dependent  on 
the  beam  peak  current  In  order  for  the  pulse 
compression  to  work  property,  the  beam's  bunch- 
to-bunch  charge  fluctuations  must  be  below  one 
percent ,  and  the  timing  jitter  of  initial  injection 
(which  is  dependent  on  the  laser)  must  be 
somewhat  less  than  one  picosecond  (a  degree  of  rf 
phase). 

These  requirements  have  not  been  met  by 
photoinjectors  in  the  past  mainly  because  of 
difficulties  associated  with  the  laser.  With  the 
advances  made  recently  in  the  technology  of  diode 
pumped  solid-state,  short  pulse  lasers,  this  may  no 
longer  be  die  case. 

As  an  example  of  a  system  developed 
recently  in  industry.  Lightwave  Electronics  has 
tested  a  diode  pumped  Nd:YLF  regenerative  amp¬ 
lifier  which  amplifies  1047  nm,  8  psec  FWHM  (3 


psec  rms)  pulses  derived  from  a  mode-locked 
diode  pumped  Nd:YLF  oscillator[9].  The 
oscillator  produces  a  500  kHz  pulse  train  which 
has  very  small  energy  fluctuations,  and  which  are, 
by  a  phase  feed-back  system,  timing  stabilized 
with  respect  to  the  rf  phase  to  within  0.7 
picoseconds.  The  energy  output  per  pulse  of  the 
amplifier  is  92  pJ,  which  after  two  stages  of 
frequency  doubling  through  nonlinear  crystals, 
yields  10  /i/at  262  nm.  The  fluctuations  in  output 
energy,  even  with  the  nonlinear  elements  in  the 
system,  are  at  the  0.5%  level 

In  order  for  this  laser  to  be  useful  for 
exciting  a  photocathode,  the  cathode  material  must 
havea  relatively  high  quantum  efficiency.  Recent 
work  by  Bamford,  et  a/., [10]  has  shown  that  a 
quantum  efficiency  of  0.1%  with  266  nm  light  at 
45  degree  incidence  on  a  properly  prepared  LaB6 
cathode  is  possible.  This  choice  of  cathode  is  well 
suited  to  our  application,  since  it  is  nigged  (like  a 
relatively  low  quantum  efficiency  metal)  but  has 
no  lifetime  problems  or  stringent  vacuum 
requirements  (like  a  multi-alkali  cathode).  Using 
this  cathode  material  and  the  Lightwave  laser 
system,  one  can  expect  about  2.1  nC  of  charge, 
which  is  well  above  our  design  criterion. 

Using  these  emerging  technologies,  this 
photoinjector  design  should  be  able  to  produce  a 
high  brightness  electron  beam  which  meets  the 
stringent  beam  quality  and  jitter  requirements  of 
the  LCLS  project 
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Abstract 

The  SLC  polarised  electron  source  (PES)  can  be  mod¬ 
ified  to  produce  psec-long  pubes  for  infection  Into  foe  un- 
?VEDeo  SLAC  3  km  Unac,  with  a  duty  factor  considerably 
higher  than  lor  SLC  Such  beams  are  desirable  for  fixed 
target  experiments  at  SLAC  requiring  polarized  electron 
beams  of  up  to  50  mA  within  an  energy  spread  of  03%,  at 
enemies  or  up  to  26  GeV.  During  the  foil  of  1992,  the 
SLAC  Hnac  was  operated  continuously  for  two  months 
unSLEDed  with  the  PES  dye  laser  (715  nm)  modified  to 
produce  a  1  pec  pulse  at  120  Hz.  An  AlGaAs  photocath¬ 
ode  was  installed  in  the  electron  gun  to  achieve  40% po¬ 
larization,  and  a  prebuncher  was  added  to  the  SLC 
injector  to  improve  capture  forkmgpulse  beams.  We  dis¬ 
cuss.  the  performance  of  the  polarized  electron  beam  for 
long  pulse  operation. 

I.  INTRODUCTION 

A  fixed  target  experiment  (E-142)  was  conducted  at 
SLAC  for  which  a  1-2  psec  electron  pulse  of  10-20  mA  at 


the  target  at  a  repetition  rate  of  120  Hz  and  with  at  least 
40%  polarization  was  required.  To  accommodate  these 
requirements,  the  Candela  dye  laser  at  the  SLC  Polarized 
Electron  Source  (FES)  was  modified  to  produce  a  low  in¬ 
tensity  laser  pulse  >1  psec.  To  improve  the  electron  cap¬ 
ture  by  the  iidector,  an  S-band  prebuncher  was  installed 
upstream  of  the  S-band  buncher  and  capture  section.  The 
layout  of  the  polarized  gun  and  the  first  few  meters  of  foe 
beam  line  are  shown  in  Fig.  1. 

The  PES  was  operated  at  60  kV  to  produce  a  1  psec, 
30  mA  electron  pulse  at  120  Hz  from  foe  source. 

n.  LASER 


The  Candela  flash  lamp-pumped  dye  laser  used  for 
foe  SLC  1992  run  was  modified  to  produce  a 
pulse  width  >1  psec  (Ref.  1).  This  was  accomplished  by 
decreasing;  the  laser  cavity  losses  by  making  two  changes: 
1)  the  dye  concentration  was  reduced  from  3  to 

2  x  10"*  mol//;  and  2)  foe  reflectivity  of  the  output  cou¬ 
pler  was  increased  from  55%  to  80%.  The  laser  output 
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Figure  2.  Horizontal  (LENSBOX  H)  and  Vertical  (LENSBOX  V)  QE  sums  of  the  cathode. 


pulse  was  chopped  and  flat-topped  with  a  pulsed-Pockels 
cell  and  crossed-polarizer  system,  TOPS  (Top  Hat  Pulse 
Shaper),  to  produce  the  desired  light  pulse.  Although  the 
system  was  capable  of  producing  a  2  pec  long  pulse  under 
optimum  conditions,  during  the  E-142  run,  the  laser  was 
operated  in  the  1.0-1 .3  psec  range.  A  fast  pulser,  LPC  (La¬ 
ser  Pulse  Chopper),  upstream  of  TOPS,  could  produce  a 
narrow  SLC-type  pulse  that  was  detectable  by  the  SLC 
linac  beam  position  monitors.  Normally  the  snort  pulse 
was  run  at  1  Hz  with  the  production  pulse  operating  at 
119  Hz.  To  optimize  laser  power  and  dye  lifetime,  the 
Candela  was  operated  at  715  nm  with  Oxazine  720. 

in.  CATHODE 

The  active  layer  of  the  photocathode  was  0.3  mm  of 
Ak).12Gao.88As,  Be  doped  to  6  x  10*8  cm-8.  At  final  acti¬ 
vation  of  the  cathode  by  heat  cleaning  and  cesiation  the 
initial  quantum  efficiency  (QE)  was  15%  at  750  nm  (at 
low  V),  rapidly  dropping  to  0.8%  (at  60  kV).  The  cathode 
temperature  throughout  the  run  was  maintained  at  0*C, 
which  in  the  SLC  gun  is  thought  to  increase  the  lifetime  of 
the  cathode.  The  gun  for  this  run  was  Diode  Gun  1. 

For  the  SLC  1992  run,  a  thick  GaAs  cathode  was  used, 
for  which  the  bandgap  at  0°  C  is  about  1.44  eV  (860  nm) 
(Ref.  2).  At  715  nm,  the  polarization  at  the  source  was 
-27%.  For  E-142  the  expected  polarization  at  the  source 
was  increased  by  using  a  cathode  with  a  larger  bandgap. 


Adding  12%  A1  to  the  active  layer  increases  the  bandgap 
at0°C  to  about  1.63  eV  (760  nm).  By  using  a  03  mm  thick 
Alo.12Gao.88As  cathode  operated  at  0°  C,  the  source  po¬ 
larization  at  715  nm  was  expected  to  be  -40%  (Ref.  3).  The 
typical  electron  polarization  measured  by  M Ciller  in  End 
Station  A  (ESA)  was  41% . 

During  the  entire  run  the  QE  did  not  change  signifi¬ 
cantly.  The  QE  profile  across  the  cathode  surface  started 
with  a  large  peak  on  the  "+"  vertical  side.  Near  the  end  of 
the  run,  a  dip  in  the  middle  of  the  horizontal  scan  was  ob¬ 
served  (see  rig.  2).The  horizontal  (LENSBOX  H)  and  ver¬ 
tical  (LENSBOX_V)  scans  of  the  cathode  were  made  with 
a  HeNe  laser  (spot  diameter  -2  mm)  on  November  20th 
and  December  14th.  The  abscissa  indicates  motion  of  the 
lens  box  in  mm. 

The  average  QE  as  measured  at  60  kV  with  a  modu¬ 
lated  diode  laser  operating  at  750  nm  varied  over  a  period 
of  many  days  between  0.7%  and  0.9%.  These  variations 
may  have  been  entirely  instrumental. 

It  is  not  known  why  the  QE  held  constant.  Certainly 
the  lower  voltage  helped.  The  dark  current  at  HV  (laser 
blocked)  was  typically  about  10  nA,  a  factor  of  5  to  10  low¬ 
er  than  during  SLC  1992  run  (for  which  the  voltage  was 
120  kV  with  a  different  gun).  The  gun  vacuum  was  also 
extremely  low:  the  mass  4  (28)  peak  was  about 
6  (1)  x  10-12  Torr,  unchanged  with  HV  on  or  off.  The  low 
peak  currents  (compared  to  SLC  1992)  may  have  helped 
reduce  electron  stimulated  molecular  desorption  from  the 
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V.  SUMMARY 


vacuum  components  near  the  source  cathode.  All  the 
vacuum  components  accept  the  cathode  were  at  about 
35  X!,  the  temperature  of  the  accelerator  housing. 

V.  ELECTRON  BEAM  INTENSITY 

The  laser  beam  intensity  at  the  cathode  was  kept  con¬ 
stant  by  a  hardware  feedback  system  integral  to  TOPS. 
To  compensate  for  changes  in  the  QE,  provision  was 
made  for  a  software  feedback  system  which  monitored 
the  electron  beam  intensity  at  the  first  BPM  (Beam  Posi¬ 
tion  Monitor)  and  could  adjust  the  attenuation  of  the  laser 
beam  using  the  BIC  (Bunch  Intensity  Control)  located  just 
downstream  of  TOPS.  Since  the  QE  was  essentially  con¬ 
stant,  the  software  feedback  was  not  activated,  the  BIC  be¬ 
ing  adjusted  only  occasionally  and  in  manual  mode  in 
response  to  changed  beam  requirements  or  sometimes, 
near  the  end  of  a  lamp/dye  cycle,  when  TOPS  could  no 
longer  provide  the  desired  laser  intensity. 

Since  E-142  was  the  first  fixed  target  experiment  with 
the  full  SLC  linac,  it  is  perhaps  not  surprising  that  al¬ 
though  the  instrumentation  for  tuning  the  beam  was  ade¬ 
quate,  it  was  not  optimal.  Midway  into  the  run,  the 
transmission  of  the  beam  from  the  polarized  gun  cathode 
to  the  beam  switchyard  through  the  0.7%  energy  defining 
slits  was  increased  from  25%  to  55%.  This  was  accom¬ 
plished  by  adjusting  the  injector  bunching  and  steering 
using  the  entire  linac  as  a  monitor. 

For  most  of  the  experiment,  the  Candela  beam  diam¬ 
eter  on  the  cathode  was  maintained  at  about  6  mm.  (The 
active  area  of  the  cathode  has  a  diameter  of  14  mm.)  Thus 
the  maximum  current  density  drawn  from  the  cathode 

was  about  0.2  A  cm"2. 

The  Candela  is  a  multimode  laser  with  an  intensity  jit¬ 
ter  of  3  to  4%.  TOPS  reduced  this  jitter  by  about  a  factor 
of  -2.  The  electron  beam  intensity  jitter  as  measured  on 
the  linac  toroids  at  40  and  200  Mev  was  typically  the  same 
as  the  laser  jitter  at  the  TOPS  output. 


There  were  about  1062  total  hours  in  the  E142  run. 
The  PES  was  available  to  provide  full  intensity  beams  to 
the  linac  for  96%  of  that  time.  The  downtime  attributed  to 
the  PES  totaled  only  41  h,  of  which  32  h  were  associated 
with  scheduled  lamp  and  dye  changes  followed  by  resto¬ 
ration  of  the  injector  beams. 

The  timing  of  the  lamp  and  dye  changes  was  driven 
by  downtimes  scheduled  as  part  of  the  turn  on  for  the 
SLC  1993  run,  and  thus  was  not  optimum  for  PES  efficien¬ 
cy.  Nonetheless,  the  average  interval  between  these 
changes  was  about  200  h  (8.4  days). 

Other  than  for  maintenance  tasks  such  as  lamp  and 
dye  changes,  the  PES  was  operated  entirely  from  the  SLC 
Main  Control  Center  by  the  SLC  operators. 
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Abstract 

An  ultra-high  vacuum  loadlock  system  capable  of  operat¬ 
ing  at  high  voltage  has  been  added  to  the  SLC  Polarized  Elec¬ 
tron  Gun.  The  unit  incorporates  facilities  for  heat  cleaning, 
activating  and  measuring  the  quantum  efficiency  of  photocath¬ 
odes.  A  tray  of  up  to  four  photocathodes  can  be  exchanged 
without  bringing  the  activation  unit  or  gun  up  to  atmosphere. 
Low  voltage  quantum  efficiencies  of  20%  have  been  obtained 
for  bulk  GaAs  at  633  nm  and  6%  for  a  0.3  micron  GaAs  layer 
at  7S3  nm.  Results  for  other  cathodes  as  well  as  operational 
characteristics  are  discussed. 

I.  INTRODUCTION 

Polarized  laser  photoemission  from  GaAs,  or  related  1II-V 
compound,  photocathodes  form  the  basis  for  most  polarized 
electron  sources  currently  in  use.  Extremely  clean  vacuum 
conditions  are  required  to  extend  the  usable  lifetime  of  these 
cathodes  between  re-activations.  In  addition,  sources  such  as 
the  SLC  Polarized  Electron  Gun  (PEG)  [1]  must  function 
under  high  voltage  conditions  (peak  fields  of  ~10kV/mm).  A 
high  voltage  discharge  occurring  in  the  gun  is  capable  of  irre¬ 
versibly  damaging  the  cathode,  an  event  which  is  enhanced  by 
the  presence  of  Cs  used  to  activate  the  photocathode  to 
negative-electron  affinity.  In  the  past,  the  PEG  has  been  baked 
and  high  voltage-processed  to  eliminate  breakdown  sites  on  the 
gun  electrodes.  The  cathode  was  then  installed  and  the  gun  re- 
baked.  It  has  been  shown  [2]  that  baking  reactivates  some 
breakdown  sites,  requiring  re-processing  with  potential  for 
cathode  damage.  Also,  we  have  observed  that  quantum  effi¬ 
ciencies  (QE)  tend  to  be  higher  for  cathodes  that  have  not  been 
baked  in  large  systems  for  long  time  periods.  Cathode  replace¬ 
ment  requires  a  lengthy  and  expensive  reprocessing  of  the  gun 
itself. 

A  cathode-loading  system  (“LoadLock”)  has  been  added 
to  the  PEG  to  address  the  concerns  detailed  above,  but  its  use 
also  adds  a  valuable  capability  to  the  polarized  source  pro¬ 
gram:  As  new,  higher  polarization  cathodes  become  available, 
they  may  be  easily  introduced  into  the  PEG  operating  on  the 
accelerator.  This  approach  has  proven  immediately  successful 
with  a  thin  GaAs  strained-layer  cathode  structure  [3]. 

H.  OPERATIONAL  REQUIREMENTS 

Two  identical  LoadLock  units  were  constructed:  one  for 
use  at  the  SLC  injector  and  the  second  at  the  Gun  Tfest  Facility 
which  consists  of  a  PEG,  laser  and  duplicate  electron  beam  line 
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Figure  1.  Cathode  emitter  tube.  Mo  leaf  springs  with 
sapphire  roller  bearings  engage  carrier  lighdy  onto  the 
plug  end. 


up  to  the  first  bend  magnet  Each  LoadLock  and  PEG  incorpo¬ 
rates  an  isolation  valve,  allowing  each  to  remain  independently 
under  vacuum.  Connection  is  via  a  low-volume  short  spool 
piece  which  can  be  evacuated  and  baked -out  in  a  few  hours. 
The  functional  requirements  defined  for  LoadLock  were: 

•Heat  clean  and  activate  cathodes  to  negative-elec tron-af- 
flnity  using  Cs  and  NF3. 

•Measure  quantum  efficiency. 

•Preserve  ability  to  cool  the  cathode  to  0°C  while  in  the 
PEG. 

•Vacuum  environment  consistent  with  that  of  the  PEG. 

•Require  no  changes  to  PEG  electron  optics. 

•Be  able  to  introduce  cathodes  into  LoadLock  for  use  in 
PEG,  preferably  without  bringing  LoadLock  itself  up  to 
atmospheric  pressure. 

The  cathode  cooling  requirement  has  been  satisfied  by 
preserving  the  PEG  cathode  emitter  tube  design  without  modi¬ 
fying  the  gun  structure.  The  photocathode  is  mounted  an  the 
vacuum  side  of  the  tube,  and  cooling  gas  is  injected  from  die 
atmosphere  side  [4].  Cooling  has  been  useful  for  extending  the 
period  between  re-cesiation  of  cathodes.  This  requirement, 
however,  means  that  the  LoadLock  unit  itself  is  at  cathode  high 
voltage  during  electron  beam  injection. 

III.  LOADLOCK  DESIGN 

The  structure  of  LoadLock  consists  of  three  sub  units: 
mechanical  drive,  cathode  activation  chamber,  and  cathode 
tray.  Cathode  wafers  are  mounted  onto  individual  Mo  earners 
using  a  Ta  ring  clamp.  The  carriers  can  be  shuttled  between  the 
emitter  tube  (Fig.  1)  and  the  cathode  tray  (Fig.  2)  using  a  sys¬ 
tem  of  bellows-sealed  linear  motions. 
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Figure  2.  Photocathode  carrier  tray  shows  both  a  position 
occupied  by  a  Mo  wafer  carrier  (1)  and  an  empty 
position  (2). 
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Figure  3.  Mechanical  drive.  1 -Support  beam,  2-R;>:l,  3- 
Emitter  tube  transfer  assembly,  4-Activation  chamber 
(services  not  shown),  5-Isolation  valves,  6-Cam'er  tray. 
Item  3  also  shown  in  emitter  tube-retracted  position  for 
cathode  activation/exchange  (dashed). 
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Figure  4.  Schematic  structure  of  LoadLock. 

The  main  mechanical  drive  (Fig.  3)  moves  the  emitter  tube 
through  the  activation  chamber  and  into  the  PEG.  After  inser¬ 
tion,  the  drive  unit  is  removed  and  the  remaining  LoadLock 
components  are  enclosed  by  a  corona  shield  and  a  high  voltage 
insulating  gas  containment  vessel.  After  several  hours  of  dry 
airflow-through,  the  unit  continually  stands  off  a  120kV  poten¬ 
tial. 

figure  4  is  a  schematic  of  the  services  available  in  the 
cathode  activation  chamber.  The  activation  chamber  is  pumped 


Figure  5.  LoadLock  attached  to  the  PEG.  1 -Isolation 
valves,  2-Part  of  HV  gas  container,  3-G10  support 
cylinder,  4-Emitter  tube  and  bellows,  5 -Cathode  exchange 
linear  motion,  6-Ion  pump,  7-NEG  pump,  8-Cathode  tray, 
corona  shield  and  high  voltage  container  not  shown. 

by  a  combination  of  an  8  1/s  diode  ion  pump  (powered  by  a 
fiber-optic-isolated  supply)  and  by  a  room  temperature  ST707 
non-evaporable-geuer  pump  [5].  The  residual  gas  enmpncitfoi 
is  >99.9%  H2  at  a  pressure  of  <lxlOrl°  tom  A  gas  heater  unit 
inserted  into  the  emitter  tube  allows  heating  of  SLC  15  mm 
diameter  cathodes  to  — 600°C.  During  heating,  the  evolved 
(>99%)  is  H2,  which  has  been  shown  [6]  to  be  beneficial  for 
removing  oxides  and  hydrocarbons  from  GaAs  surfaces.  A 
completed  LoadLock  unit  connected  to  a  PEG  at  the  Gun  Test 
Facility  is  shown  in  Fig.  5. 

The  cathode  tray  is  separated  from  the  activation  rhqmyr 
by  an  isolation  valve  so  that  a  total  of  four  carriers  may  be  used 
in  LoadLock.  A  laser  alignment  screen  in  a  carrier  is  occasion¬ 
ally  used  for  system  alignment  and  then  removed  from  PEG  for 
cathode  replacement.  The  tray  stays  connected  to,  and  is 
pumped  by,  LoadLock  during  operation. 

IV.  PERFORMANCE 

LoadLock  units  were  tested  in  two  stages:  initially  by  con¬ 
nection  to  a  simple  vacuum  chamber  containing  a  cathode- 
anode  electrode  structure,  photo-electron  current  collector  and 
light  window,  and  finally,  by  connection  to  a  PEG  at  the  Gun 
Test  Facility.  Bulk  GaAs(lOO)  was  used  in  the  first  system. 
QE's  and  life  times  were  measured  down  to  0°C.  QE's  as  high 
as  20%  at  633  nm  and  9%  at  755  nm  were  achieved  with  life 
times  at  0°C,  identical  to  previous  PEG  performance  [4]. 

Measurements  at  the  Gun  Test  Facility  concentrated  on 
thin  GaAs  (300  nm)  and  300  nm  GaAs  strained-layers.  The  lat¬ 
ter  were  used  on  the  accelerator  when  the  first  LoadLock/PEG 
combination  was  moved  into  operation.  The  thin  GaAs  QE  at 
120kV  was  6%  at  755  nm,  measured  at  the  Gun  Test  Facility. 
Full  details  of  SLC  cathode  performance  are  reported  else¬ 
where  [3],  but  the  current  LoadLocked  SLC  strained-layer 
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cathode  on  the  linear  accelerator  produces  80%  polarization 
and  -1%  QE  at  830  nm,  120kV. 

V.  CONCLUSION 

The  addition  of  LoadLock  to  the  SLC  election  source  has 
resulted  in  a  marked  improvement  in  source  capability  and  reli¬ 
ability.  Laige  amounts  of  Cs,  associated  with  high  voltage 
breakdown,  have  been  excluded  from  the  gun.  A  small  channel 
cesiatior  has  replaced  the  effusion  cell  on  the  gun  proper.  This 
allows  remote  additions  of  Cs  to  the  cathode  during  the  run¬ 
ning  cycle  when  a  full  re-activation  is  not  required.  LoadLock 
has  also  allowed  a  rapid  upgrade  of  source  polarization  from 
the  28%  of  the  1992  SLC/SLD  experimental  program  toward 
80%  in  1993. 
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Abstract  simulation  of  the  gun  electrodes  gave  a  maximum 

TheSLC  polarized  electron  gun  operates  at  120  kV  electric  field  of  7xl(P  V/m  on  the  cathode  electrode  [51 
with  very  low  dark  current  to  maintain  the  ultra  high  at  120  kV.  Microscopic  surface  irregularities  and/or 
vacuum  (UHV).  This  strict  requirement  protects  tne  contaminants  can  enhance  this  electric  field  in  such  a 
extremely  sensitive  photocathode  horn  contaminants  way  to  produce  field  emission  [3]. 
caused  by  high  voltage  <HV)  activity.  Thorough  HV  A  nanoammeter  in  series  with  the  gun  HV  power 
processing  is  ttius  required,  xray  sensitive  photographic  supply  was  used  to  study  the  behavior  of  the  gun  dark 
film,  a  nanoammeter  in  series  with  the  gun  power  current  at  high  voltage.  Figure  2  shows  that  these  data 
supply,  a  radiation  meter,  a  sensitive  residual  are  well  represented  by  a  Fowler -Noidheim  form,  where 
analyzer  and  surface  xray  spectrometry  were  usedto  the  slope  of  the  curve  indicates  an  electric  field 
study  areas  in  the  gun  where  HV  activity  occurred.  By  enhancement  of  B -500  at  foe  field  emitting  point, 
redutine  the  electric  field  Exadients,  carefully  preparing  The  field  emitted  electrons  are  accelerated  to  the 
the  HV  surfaces  and  adhering  to  very  stridden  anode  surfaces  where  they  desorb  gases  and  generate 
assembly  procedures,  we  found  it  possible  to  process  the  xray»-  Figure  3  shows  the  spectrum  of  xrays  emitted 
gun  so  as  to  reduce  both  foe  dark  current  at  operating  from  the  electrode  region  at  110  kV.  The  data 
voltage  and  the  probability  of  HV  discharge.  These  HV  approximate  a  Bremssttahlung  energy  loss  distribution, 
preparation  and  processing  techniques  are  described.  sensitive  photographic  film  [6]  was  used  to  map 

the  xray  emitting  sites  inside  the  gun.  Xrays  going 
L  INTRODUCTION  through  a  small  aperture  on  a  lead  plate  fiducial, 

external  to  the  gun,  would  cast  an  image  on  film 
The  polarized  electron  gun  is  essential  for  a  new  arranged  around  the  electrode  area.  Multiple  small  spots 
series  of  experiments  at  SLAC  [1].  It  uses  a  cerium  on  the  film  indicated  that  the  field  emitting  sources  were 
activated  GaAs  photocathode  to  produce  a  discrete  point  sources.  Ray  tracing  analysis  showed  that 
longitudinally  polarized  electron  beam  which  is  injected  most  field  emitting  points  came  from  the  cathode 
into  the  accelerator.  The  activated  photocathode  is  electrode  and  the  cathode  electrode  support  tube, 
extremely  sensitive  to  contamination  and  so  must  reside  Surface  samples  taken  from  a  gun  after  HV 
in  an  UHV  environment  (total  pressure  ~2xl0*11  Torr).  processing  were  viewed  under  a  microscope  and 
HV  of  120  kV  is  required  to  produce  a  sufficiently  high  analyzed  using  a  energy  dispersive  xray  spectrometer 
intensity  electron  beam  and  to  properly  inject  the  (EDAX).  Figure  4  shows  the  copper  surface  of  the 
electrons  into  the  accelerator.  These  conditions  must  cathode  electrode  support  tube  in  Gun  #1.  The  highly 
coexist  in  a  gun  that  will  operate  continuously  for  polished  copper  surface  has  been  disturbed,  probably  by 
several  months  with  minimal  intervention.  ion  bombardment  during  HV  nitrogen  processing  (see 

The  early  SLC  polarized  guns  (prior  to  1992)  had  below).  Figure  5  shows  a  fragment  of  stainless  steel  on 
unacceptable  HV  problems.  A  single  HV  breakdown  can  the  polished  cathode  electrode,  presumably  the 
reduce  the  QE  [2]  in  the  photocathode.  Reactivation,  as 
opposed  to  mere  cessation,  is  often  required  to  restore 
the  QE  and  is  not  always  successful  in  doing  so.  High 
pressure  levels  associated  with  high  dark  current 
accelerate  the  drop  in  QE  with  time.  We  will  first  discuss 
how  we  diagnosed  some  of  the  HV  problems  and  then 
describe  the  material  preparation  and  HV  processing 
techniques  that  have  given  us  stable  and  reliable  guns. 

R  DIAGNOSTICS 

One  of  the  major  sources  of  high  voltage  breakdown 
is  field  emission  from  metal  surfaces.  At  very  high 
electric  fields  (E  -  3xl09  V/m)  the  surface  potential 
barrier  for  metals  is  small  and  thin  enough  for  electrons 
to  tunnel  out,  producing  field  emission  [3].  Figure  1 
shows  file  inside  structure  of  the  gun.  EGUN  [4] 

*  Worts  supported  by  Department  of  Energy  contract  .  _ 

DE-AC03-/6SF00515.  Figure  1 .  Schematic  of  the  polarized  electron  gun. 

0-7803-1203- 1/93S03.00  O  1993  IEEE 

3033 


Figure  2.  (a)  Current  versus  voltage  plot  for  Gun  #3 
(b)  Fowler-Nordheim  plot  for  Gun  #3  with  electric- 
field  enhancement  of  ~  500i 


Figure  3.  Energy  distribution  of  emitted  xrays  "***'  SJI^SSHesssteelBSnenton 

for  110  kV.  polished  cathode  electrode  and  (b)  ED  AX 

plot  of  fragment  contents. 


fragment  is  a  remnant  from  HV  arcing.  Figure  6  shows 
evidence  of  HV  arcing  activity  on  a  polished  electrode 
surface  contaminated  with  potasium  chloride.  The 
potasium  chloride  contamination  must  have  been 
introduced  during  the  gun  assembly. 

Fowler-Nordheim  plots  and  spectra  of  emitted  xrays 
indicate  that  the  HV  activity  comes  from  electron  field 
emission.  The  EGUN  simulation  and  xray  film  analysis 
point  to  the  electrode  area  as  the  source  of  these 
electrons.  The  ED  AX  study  shows  that  contamination 
during  assembly  can  harm  the  HV  performance. 


m.  MATERIAL  PREPARATION 

Selection  and  preparation  of  materials  to  be  used  for 
high  field  areas  is  critical.  The  material  used  in  these 
areas  is  certified  low  carbon  vacuum  arc  remelted 
stainless  steel  304,  316,  and  on  the  electrodes  317.  All 
tubing  was  seamless  stainless  steel  304L  or  316L. 
Samples  of  these  materials  were  metallographically 
evaluated  for  inclusion  content  and  grain  size.  After  the 
electrodes  are  machined  using  UHV  procedures,  they 
are  chemically  cleaned  and  hydrogen  fired  to  1050“C  for 
10  minutes.  Then  they  are  polished  to  a  one  micron 
finish.  The  material  is  cleaned  again,  inspected  and 
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Figure  6.  (a)  High  voltage  arcing  activity  on  polished 
electrode  surface  and  (b)  EDAX  plot  showing 
contamination  with  potassium  chloride. 


decreases,  which  may  occur  gradually  or  may  occur 
suddenly  after  a  HV  discharge.  To  attain  a  dark  current 
of  less  than  50  nA  at  the  operating  voltage  of  120  kV, 
the  guns  are  processed  to  180  kV.  The  rate  of  raising 
the  voltage  varies,  taking  from  a  few  hours  to  a  few 
days.  One  technique  that  speeds  the  processing  is  to 
introduce  dry  nitrogen  from  liquid  nitrogen  boil-off 
into  the  gun  to  10"®  Torr.  When  processing  with 
nitrogen,  180  kV  can  be  reached  in  a  few  hours  [7]. 

Gun  #3  showed  unusually  good  behavior.  It  had 
very  few  arcs  during  the  initial  processing.  After 
introducing  and  then  pumping  out  some  nitrogen 
without  HV,  the  gun  achieved  180  kV  in  just  one  hour 
with  much  less  than  1  pA  of  dark  current  [8].  The  other 
guns  were  more  problematic  and  needed  a  few  days  of 
HV  processing. 


vacuum  fired  at  450°C  until  outgased.  Finally  we  inspect 
the  surfaces,  and  assemble  all  the  components  in  a  class 
1000  clean  room.  Extreme  cleanliness  is  emphasize 
throughout  the  process.  Fixtures  made  of  teflon  are  used 
for  holding  components  during  transport  and  extreme 
care  is  taken  to  prevent  any  contact  with  polished 
surfaces.  The  gun  assembly  is  baked  at  250°C  for  a 
minimum  of  100  hours  until  outgased.  The  gun  is  then 
ready  for  high  voltage  processing. 


IV.  HIGH  VOLTAGE  PROCESSING 

The  gun  HV  processing  is  intentionally 
conservative;  we  minimize  the  amount  of  dark  current 
(<  20  pA)  to  prevent  permanent  damage  to  die  electrode 
structure.  The  main  diagnostics  used  during  processing 
are  the  nanoammeter  in  series  with  the  HV  power 
supply,  a  xray  detector,  and  a  Residual  Gas  Analyzer 
(RGA)  which  measures  the  partial  pressures  of  gas 
species  in  the  gun  vacuum. 

Our  experience  with  HV  processing  of  the  guns  has 
been  as  follows.  The  voltage  is  slowly  raised  to  60  kV 
with  only  minor  discharge  (spikes  in  the  current 
together  with  small,  short  bursts  of  CO,  H,  and  other 
gases).  Above  -60  kV  the  guns  start  drawing  1-20  pA  of 
current.  Constant  voltage  is  maintained  until  the  current 


V.  CONCLUSION 

Good  HV  performance  of  the  SLC  guns  begins 
with  a  design  of  low  electric  field  gradients,  continues 
with  the  choice  of  the  cleanest  materials  and  their 
proper  outgasing  at  high  temperature  bakes,  and  ends 
with  careful  monitoring  of  dark  current,  xreys  and  gas 
pressures.  The  assembly  process  requires  extreme 
cleanliness  to  optimize  HV  performance  as  well  as 
UHV  performance.  The  chief  diagnostics,  the 
nanoammeter  and  the  RGA,  are  used  on  the  accelerator 
during  beam  operations  to  keep  track  of  the  dark 
current,  the  ultra  high  vacuum  and  any  high  voltage 
problem  that  might  occur.  At  present  there  are  three 
guns  which  can  operate  at  120  kV,  with  a  total  pressure 
of  -  2xl0'11  Torr  and  a  dark  current  of  10-50  nA. 
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Abstract 

Our  experience  at  SLAC  with  photoemission-based 
polarized  electron  sources  has  shown  that  charge  limit  is  an 
important  phenomenon  that  may  significantly  limit  the 
performance  of  a  photocathode  for  applications  requiring  high 
intensity  electron  beams.  In  the  process  of  developing  high 
performance  photocathodes  for  the  ongoing  and  future  SLC 
high  energy  physics  programs,  we  have  studied  the  various 
aspects  of  the  charge  limit  phenomenon.  We  find  that  the 
charge  limit  effect  arises  as  a  result  of  non-linear  response  of  a 
photocathode  to  high  intensity  light  illumination.  The  size  of 
the  charge  limit  not  only  depends  on  the  quantum  efficiency 
of  the  cathode  but  also  depends  critically  on  the  extraction 
electric  field.  In  addition,  we  report  the  observation  of  charge 
oversaturation  when  the  intensity  of  the  incident  light 
becomes  too  large. 

I.  INTRODUCTION 

Polarized  electron  beams  have  been  in  continuous  use  for 
the  SLC  high  energy  physics  program  at  SLAC  since  the 
spring  of  1992  [1,2].  The  polarized  electrons  are  generated  by 
the  Polarized  Electron  Source  (PES)  consisting  of  an  electron 
gun  with  a  GaAs-based  photocatbode  and  a  laser  operated 
near  the  cathode  band  gap.  In  addition  to  the  requirement  of 
high  polarization,  the  SLC  program  also  demands  high  beam 
intensities,  i.e.,  two  2  ns  electron  bunches  separated  by  60  ns 
with  up  to  1011  electrons  in  each.  The  gun  is  operated  at  120 
kV  so  that  the  amount  of  charge  extractable  in  the  space 
charge  limit  is  about  1.2X1011  electrons  per  bunch  for  a  fully 
illuminated  photocatbode  (14  mm  diameter),  which  is  well 
above  the  desired  intensity.  If  a  photocathode  responds 
linearly  to  the  excitation  light  intensity,  then,  the  amount  of 
photoeinitted  charge  will  increase  proportionally  with  the  light 
intensity  until  the  space  charge  limit  is  reached.  In  contrast  to 
this  expectation,  earlier  studies  [3]  indicated  that,  when  the 
quantum  efficiency  (QE,  defined  as  die  ratio  of  the  number  of 
emitted  electrons  over  the  number  of  incident  photons)  of  the 
cathode  drops  below  a  certain  level,  the  total  amount  of  charge 
extractable  within  2  ns  from  a  fully  illuminated  cathode 
saturates  to  a  value  that  is  smaller  than  the  space-charge 
limited  value,  a  phenomenon  becoming  known  as  charge  limit 
(CL).  We  report  in  this  paper  a  more  detailed  study  of  this 
nonlinear  effect  and  other  important  properties  in  a  variety  of 
ffl-V  semiconductor  photocalhodes. 

II.  EXPERIMENTAL 

All  of  the  experiments  were  performed  by  using  the  Gun 
Test  Facility  at  SLAC  which  is  essentially  a  duplicate  of  the 
first  few  meters  of  the  SLC  injector.  The  facility  consists  of  a 
polarized  electron  gun  with  a  loadlock  system  for  easy 
cathode  change  [4],  a  Y AG-pumped  pulsed  TiiSapphire  laser 
tunable  between  750  nm  and  870  nm  [5],  and  an  electron 
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beam  line  with  a  beam  position  monitor,  a  fast  gap  monitor 
and  a  Faraday  cup.  Very  high  vacuum  is  maintained  in  the  gun 
by  means  of  nooevaporative  getter  pumping  as  well  as  ion 
pumping.  A  residual  gas  analyzer  (RGA)  is  used  to  monitor 
the  gun  vacuum.  During  normal  operation,  the  total  pressure 
in  the  gun  is  about  lxlO-11  Toit  and  the  CO  level  is  about 
lxl(H2  Ton.  A  large  number  of  UI-V  semiconductor 
photocathodes  were  studied,  including  0.3  p  strained  lattice 
(high  polarization)  GaAs/GaAso.76Po.24>  0.3  p,  1  p,  and  bulk 
GaAs,  and  0.3  p  Alo.12Gao.88 As,  where  the  thickness  refers 
to  the  active  layer,  all  doped  with  either  Be  or  Zn  to  a 
concentration  of  5xl018  to  2xl019  /cm3.  The  cathodes  are 
activated  by  first  heating  to  610  *C  for  one  hour,  then  applying 
Cs  until  the  pbotocurrent  peaks,  and  followed  by  codeposition 
of  Cs  and  NF3.  Two  continuous  wave  diode  lasers  of 
wavelengths  750  nm  and  833  nm  operated  at  low  power  (<  1 
mJ)  were  used  for  QE  measurements.  Unless  otherwise  stated, 
the  cathode  temperature  was  always  kept  at  0  *C.  All  of  the 
data  presented  below  are  obtained  from  the  0.3  p  strained 
GaAs  cathode,  whose  results  are  qualitatively  representative 
of  those  of  the  other  cathodes. 

IQ.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  charge  versus  laser  pulse  energy  data, 
or  saturation  curve,  for  the  0.3  p  strained  GaAs  cathode.  The 
Ti:  Sapphire  laser  is  tuned  to  a  wavelength  of  850  nm  for  the 
measurement.  The  QE  is  1.51%  and  .57%  at  750  nm  and  833 
nm,  respectively,  measured  with  the  laser  spot  fully 
illuminating  the  cathode  area.  The  difference  in  the  QE 


Laser  Pulse  Energy  (pJ) 


Fig.  1.  Photoeinitted  charge  as  a  function  of  laser  pulse 
energy  at  a  wavelength  of  850  nm. 

measured  at  the  two  wavelengths  can  primarily  be  attributed 
to  the  different  number  of  photons  actually  absorbed  by  the 
0.3  p  thick  cathode  for  an  equal  number  of  incident  photons  at 
die  two  wavelengths.  From  die  figure  it  is  seen  clearly  that  for 
low  laser  intensities  the  amount  of  emitted  charge  per  pulse  is 
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However,  die 

dependence  quickly  becomes  non  linear  for  higher  energies 
and  the  amount  of  emitted  charge  eventually  saturates  to  a 
limit  of  7xl010  electrons/pulse.  This  behavior  is  consistent 
with  the  results  reported  in  Reference  [3].  As  the  QE  (hops 
with  time,  the  charge  ifcnit  decreases  almost  proportionally. 

The  nature  of  die  charge  limit  is  more  clearly  elucidated 
in  the  done  resolved  electron  intensity  measurement  with  die 
gap  monitor.  Two  temporal  profiles  of  the  electron  bunch  with 
low  and  Ugh  intensity  laser  illumination,  corresponding  to 
non-charge-limited  and  charge-limited  cases,  respectively,  are 
shown  in  Figure  2.  At  low  laser  energy,  the  electron  {wise 
shape  is  symmetric  and  closely  resembles  that  of  the  laser 
pulse,  indicating  that  the  cathode  response  to  the  laser 
illumination  is  approximately  linear.  At  the  Ugh  laser  energy 
when  the  charge  limit  is  reached,  the  electron  poise  shape 
becomes  asymmetric  aid  peaks  at  a  significantly  earlier  time 
than  the  light  pulse.  This  behavior  is  very  different  from  the 
space  charge  limit  manifested  by  a  flat-topped  symmetric 
pulse  with  the  flat  top  amplitude  determined  by  die  space 
charge  limit  effect  For  our  gun  operated  a  120  kV,  the  space 
charge  limit  is  about  10%  higher  than  the  peak  in  the  charge 
limit  pulse  shown  in  Figure  2. 


energies  at  30  pJ  (top  trace)  and  3  pJ  (lower  trace), 
showing  charge  limit  and  linear  response  behaviors,  res¬ 
pectively.  The  laser  wavelength  is  a  830  nm. 

The  decreased  photoemission  in  the  later  part  of  the  pulse 
as  revealed  by  the  time  profile  in  Figure  2  is  characteristic  of 
the  charge  limit  effect  In  die  deep  charge  limit  regime,  the 
suppression  of  photoemission  after  the  electron  pulse  peaks 
may  be  so  strong  that  the  electron  pulse  becomes  significantly 
shorter  than  the  light  pulse.  These  results  suggest  that  as  a 
large  number  of  electrons  are  excited  from  the  valence  band 
into  the  conduction  band  in  the  cathode,  the  work  function  at 
the  cathode  surface  increases  and  reduces  the  escape 
probability  of  the  excited  elections.  Several  models  have  been 
proposed  to  account  for  the  induced  work  function  increase 
[6-8].  Although  at  present  it  is  unclear  which  model  is  correct 
—  mid  it  is  possible  that  more  than  one  mechanism  may  be 
responsible —  the  photovoltaic  effect  [9]  does  appear  to  be  the 
primary  cause  for  the  charge  limit  effect 

To  further  expine  the  properties  of  the  charge  limit  we 
studied  its  dependence  on  the  gun  high  voltage  The  data 
shown  in  Figure  3  demonstrate  that  the  charge  limit  is  strongly 
dependent  on  the  high  voltage,  although  less  so  than  the  V3/2 
dependence  for  space  charge  limit  The  almost  linear  relation 
between  the  charge  limit  and  the  high  voltage  may  be 


coincidental.  However,  it  is  dear  feat  fee  strong  dependence 
cannot  be  explained  by  the  Schottky  barrio'  lowering  effect 
[10],  which,  as  shown  below,  models  very  well  the  voltage 
dependence  of  QE  measured  at  low  laser  power  (Le..  in  fee 
linear  response  regime). 


Fig.  3.  Charge  limit  as  a  function  of  gun  high  voltage 
measured  wife  a  30  pJ  laser  pulse  at  830  ran. 


Figure  4  shows  two  sets  of  data  in  the  form  of  ln(QE) 
versus  E1/2  (fee  square  root  of  the  extraction  electric  field  at 
fee  cathode  surface)  for  two  excitation  wavelengths  [10].  Both 
can  be  satisfactorily  fit  to  a  linear  relation,  establishing  the 
validity  of  fee  following  expression: 

QB=(QE)oxexp(BE1/2),  (1) 

where  B  is  the  slope  of  fee  linear  Fit.  The  reduction  in  fee  work 
function  due  to  Schottky  effect  is  proportional  to  E1/2  [11]. 


Fig.  4.  Quantum  efficiencies  measured  at  730  nm  and 
833  nm,  respectively,  versus  the  extraction  electric 
field.  The  lines  are  fee  best  fits  to  fee  data. 


Therefore,  equation  (1)  demonstrates  that  the  excited  electrons 
can  be  characterized  by  an  effective  temperature  when 
reaching  the  cathode  surface  [12].  For  the  730  nm  and  833  nm 
exdtation  photons,  we  find  the  effective  temperatures  to  be 
201  meV  and  193  meV,  respectively.  The  fact  that  fee 
effective  temperatures  for  electrons  excited  by  the  730  nm  and 


3037 


833  am  photons  arc  almost  the  same  shows  that  the  excited 
eiectfOM  undergo  rapid  tbcrmaliration  to  the  conduction  band 
■hrimam.  i.e.,  tbe  r  point,  via  pboooa  exchanges  with  tbe 
lattice,  whose  temperature  is  about  23  meV  at  0  ‘C.  The 
drermaHzcd  electrons  are  then  accelerated  in  tbe  band-beading 
region  and  become  hotter  what  reaching  the  surface.  Tbe 
weak  dependence  of  tbe  effective  temperature  on  the  wave¬ 
length  of  the  excitation  photons  may  be  attributed  to  the 
incompletely  tbennalized  elections. 

The  rather  different  voltage  dependencies  exhibited  by  the 
charge  limit  and  QE  indicate  that  QE  is  not  the  only  important 
parameter  that  determines  the  charge  limit,  as  suggested  in 
reference  [3],  In  addition  to  tbe  siaface  barrier  lowering  due  to 
Schottky  effect,  the  external  field  appears  to  affect  the 
electron  extraction  efficiency  critically. 

We  now  discuss  the  effect  of  the  laser  wavelength  on  tbe 
charge  lank.  When  the  excitation  wavelength  is  changed  from 
760  nm  to  86S  nm,  tbe  charge  limit  for  the  0.3  it  strained 
GaAs  cathode  (at  -8  *C)  is  found  to  decrease  by  only  about 
20%  while  the  QE  as  evaluated  from  the  linear  response 
region  in  the  saturation  data  decreases  by  more  than  an  order 
of  magnitude.  Meanwhile,  the  laser  pulse  energy  required  for 
achieving  the  charge  limit  increases  by  more  than  an  order  of 
magnitude.  These  observations  again  show  that  the  excited 
elections  are  rapidly  tbennalized  with  the  lattice  apd  therefore 
become  largely  indistinguishable  although  at  die  beginning 
they  may  have  very  different  kinetic  energies  depending  on 
the  excitation  wavelength.  Thus,  tbe  charge  limit  is  only 
weakly  dependent  on  tbe  excitation  wavelength  mainly  due  to 
die  incompletely  tbennalized  electrons  which  are  expected  to 
be  more  energetic  for  higher  photon  energies.  On  the  other 
hand,  the  number  of  incident  photons  required  to  achieve  die 
charge  limit  strongly  depends,  as  does  the  QE,  on  the 
wavelength  because  of  the  strong  wavelength  dependence  of 
the  optical  absorption  coefficient  near  the  band  gap. 

Finally,  we  show  in  Figure  3  a  saturation  plot  with  the 
laser  poise  energy  extending  well  over  tbe  level  required  for 
achieving  the  charge  limit.  It  is  striking  to  see  that,  after 
reaching  a  maximum,  the  photoemitted  charge  decreases 
substantially  as  the  laser  energy  further  increases.  Temporal 


Fig.  5.  Photoemitted  charge  as  a  function  of  laser  pulse 
energy  (at  760  nm)  over  an  extended  energy  range. 


profiles  of  tbe  charge  pulses  measured  with  tbe  gap  monitor  at 
various  laser  energies  show  that  in  tbe  oversaturated  regime, 
ix.,  for  laser  energy  greater  than  4  pj,  the  width  of  die  charge 


pulse  decreases  dramatically  with  increasing  laser  energy. 
Although  there  is  also  a  small,  but  observable,  decrease  in  the 
pulse  height,  it  is  the  decreased  pubewidtfa  that  is  primarily 
responsible  for  the  decrease  in  the  emitted  charge.  The 
oversatnratioo  phenomenon  furdier  illustrates  the  complicated 
nature  of  the  non-linear  photoemission  effect 

IV.  CONCLUSIONS 

In  conclusion,  we  have  studied  the  various  aspects  of  the 
charge  limit  phenomenon.  The  non-linearity  in  the 
pbotocathode  response  at  high  laser  intensities  arises  from  the 
induced  increase  in  the  work  function.  The  strong  voltage 
dependence  of  tbe  charge  limit  points  to  the  advantage  of 
operating  the  gun  at  the  highest  possible  voltage,  for  high 
intensity  and  high  polarization  electron  beams  are  produced 
only  in  very  thin  cathodes  which  are  almost  always  operated 
in  tbe  charge  limit 
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Abstract 

A  low-votoge  teat  system  is  and  to  qualify  various 
m-V  semiconductor  material*  aa  photocathodes  for  foe 
SLC.  The  system  features  a  load  lock  to  introduce 
samples,  Mgjt  pumping  speed,  a  sensitive  residual  gas 
analyser,  and  an  infrared  temperature  detector.  Heat 
dsanfeg,  ceeiatton,  and  oxidation  procedures  have  been 
studied  to  optimise  cathode  activation  for  achieving  an 
optimum  NBA  surface.  VGF  GaAs,  MBE-grown 
AlGaAs,  MBE  GaAs  layered  on  AlGaAs,  and  MOCVD 
GaAsP  cedwdes  wife  different  active  layer  thicknesses 
and  doping  concentrations  have  been  tested  for 
quantum  efficiency  and  lifetime.  New  higher- 
polarisation  strained-layer  GaAs  on  GaAsP 
photocathodes  have  also  been  tested.  Results  and 
operational  experience  are  discussed. 

L  INTRODUCTION 

The  cathode  test  system  (CIS)  was  established  in 
August  199&  for  materials  quaUfikation  of  different  OT- 
V  semiconductor  photocathodes  with  a  quick  turn¬ 
around  time,  and  to  test  different  activation  procedures 
in  an  environment  that  closely  simulates  the  Polarized 
Electron  Source  (FES)  Gun  [1].  Experience  gained  here  is 


used  to  maximize  quantum  efficiency  (QE)  and  QE 
lifetime,  and  aid  in  photcathode  choice  in  the  PCS  Gun. 
Materials  come  from  different  suppliers  [8L  and  vary  in 
structure,  doping  level,  end  dopant.  This  system  is 
intended  to  compare  die  QE  of  different  material*  but  is 
not  equipped  to  measure  polarization.  A  new  system 
that  will  also  measure  polarization  is  under 
development  See  Hgurel  for  an  overview  of  the  CIS. 

H.  SYSTEM  COMPONENTS 

The  chamber  vacuum  level  is  monitored  with  a 
residual  gas  analyzer  (RGA)  that  has  mass  range  of  0- 
200  AMU  and  is  sensitive  to  partial  pressures  of  10^3 
Tortf2].  Cathode  temperature  (above  450  *0  is 
measured  with  an  infrared  temperature  detector 
specially  designed  for  work  with  GaAs  (3].  An 
endssivity  value  of  0.7  for  GaAs  is  used,  which  was 
calibrated  by  observing  the  congruent  evaporation  of 
GaAs  at  663  *C  [4].  The  temperature  measurements  are 
accurate  to  ±5  °C 

There  are  two  different  cesium  sources  on  die  CIS:  a 
set  of  channel  cesiaton  {5]  and  a  SLAC-built  effusion  ceD 
cesiator.  No  difference  between  the  performance  (peak 
QEs  achievable)  of  the  two  was  observed,  but  die 


Figure  1.  Cathode  Test  System. 
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channels  are  much  Ampler  to  use.  The  channels  Heat  up 
and  oool  down  rapidly,  giving  much  greater  control  of 
die  amount  of  oufcum  deposited. 

The  load-lock  (and  bake)  pump  is  a  thirty-l/sion 
pump.  There  Is  also  a  twenty-l/s  Ion  pump  used  to 
pump  out  the  NF3  Hues. 

QE  is  monitored  using  a  750-nm  diode  laser,  and 
occasionally  a  633-nm  helium-neon  laser.  QE  versus 
wavelength  data  is  taken  using  a  white  light  and  a  series 
of  10-nm  bandwidth  interference  filters.  The  extraction 
voltage  on  die  cathode  is  -132  V,  supplied  by  a  battery 
box.  The  electrons  are  collected  by  a  wire  loop  anode 
one  in  ch  above  die  cathode. 

Individual  components  were  pre-baked  to  450  °C. 
The  entire  system  has  been  baked  several  times,  initially 
to  160  °C  and  later  to  250  °C.  Following  bake  the  total 
pressure  is  typically  5  x  10*11  Torr.  The  spectrum  is 
dominated  by  hydrogen,  with  a  partial  pressure  of  2  to  3 
x  10*12  of  CO.  Figure  2  shows  a  typical  RGA  spectrum 
after  a  bake. 
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Figure  2.  RGA  spectrum  after  bake. 

DI  SAMPLE  PREPARATION 

Cathode  materials  are  shipped  overnight  in  a  N2 
atmosphere  and  are  waxed  to  a  glass  cover  immediately 
upon  receipt  The  glass  cover  facilitates  cutting  the 
wafers  with  a  diamond  wire  saw  (into  18-22-mm 
diameter  discs),  and  protects  the  surface  from 
contamination  until  use.  The  wax  and  glass  cover  are 
removed  in  four  Pyrex  beakers  of  boiling 
semiconductor-grade  trichloroethane,  then  die  wafer  is 
rinsed  with  semiconductor-grade  methanol  and  blown 
dry  with  nitrogen. 

VGF  GaAs  cathodes  are  then  etched  for  ten  seconds 
in  a  4:1:1  solution  of  semiconductor-grade  sulfuric  acid, 
hydrogen  peroxide,  and  de-ionized  water.  They  are 
rinsed  with  de-ionized  water  and  semiconductor-grade 
methanol  and  blown  dry  with  nitrogen.  All  beakers  and 
tools  used  to  prepare  cathode  materials  are  Teflon  to 
reduce  die  possibility  of  contamination. 


Manufacturers  add  a  50-00  A  arsenic  cap  to  the  thin 
active-layer  MBS  grown  structures,  as  these  can  not  be 
etched  before  they  are  used.  The  arsenic  cap  layer  is 
removed  by  heat  cleaning  in  the  system.  The  same 
procedure  is  used  in  preparing  cathodes  for  the  SLC 
injector. 


IV.  LOAD-LOCK  OPERATION 

Cathodes  are  installed  through  a  small  volume  (1/2 
liter)  load-lock  (see  Figure  1).  The  view  port  on  file  top 
of  the  load-lock  volume  is  removed  and  a  photocathode 
on  a  molybdenum  tray  is  lowered  onto  the  seat  of  file 
closed  tee  valve.  During  this  operation  the  load-lode  is 
purged  with  2-3  psi  positive  pressure  of  dry  N2.  The  top 
view  port  is  then  replaced,  and  the  load  lode  is  roughed 
down  using  a  turbo  pump. 

Pressure  is  low  enough  to  switch  to  the  thirty-l/s 
ion  pump  in  about  thirty  minutes.  To  transfer  the 
cathode  into  the  main  chamber,  the  tee  valve  on  file 
load-lode  area  is  opened,  lowering  the  cathode  to  where 
it  can  be  picked  up  by  a  transfer  forte  and  brought  into 
the  main  chamber.  The  transfer  forte  is  on  a  long 
magnetically  coupled  arm  [6].  When  the  fork  is  moved,  a 
pressure  rise  due  to  gas  desorption  along  the  bearing  of 
the  arm  is  seen,  and  pumps  out  almost  immediately. 
There  is  no  rise  in  fire  main  chamber  pressure  after  a 
cathode  transfer  is  completed.  It  takes  thirty  minutes  to 
install  the  cathode  onto  the  heater  tower,  after  which  the 
tee  valve  to  the  load  lock  is  dosed. 

The  cathode  rests  on  a  molybdenum  tray  during 
transport  and  when  installed,  this  molybdenum  tray 
rests  on  the  heater  tower.  Figure  3  shows  a  dose-up 
view  of  the  cathode  on  the  heater  tower,  and  the 
positions  of  the  anode  ring  and  cesiators. 
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Figure  3.  Close-up  of  cathode  on  heater  tower,  showing 
cesiators  and  anode  ring. 
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V.  TYPICAL  ACTIVATION 


The  typical  activation  cycle  is  as  follows.  The 
cathode  is  heated  to  600  °C  for  one  hour.  Cesium  is 
added  (thiiee  minutes  at  five  amps  on  two  17-mm 
channel  cesiators).  The  temperature  is  ramped  up  to  640 
°C  in  thirty  seconds,  and  the  power  is  cut  as  soon  as 
640  °C  is  reached.  The  cathode  is  allowed  to  cool  one 
hour,  until  the  cathode  temperature  is  30  °C  or  cooler. 
Using  a  750-nm  diode  laser  to  monitor  the  photocurrent, 
cesium  is  added  ( between  four  and  five  amps  on  the 
channel  cesiators,  depending  on  their  age)  until  the 
photocurrent  peaks,  then  NF3  co-deposition  is  begun. 
The  level  of  NF3  is  adjusted  to  maintain  a  positive  slope. 
For  optimal  NF3  deposition  a  1  x  10s®  Torr  partial 
pressure  (sum  of  mass  33,  52,  and  71  peak  heights)  is 
used,  with  cesium  channels  at  four  to  five  amps.  The 
NEA  layer  deposition  takes  about  one  hour. 

VL  ACTIVATION  EXPERIMENTS 

The  photocathode  is  heat  cleaned  at  high 
temperature  for  60  minutes.  Heat  cleaning  to  very  high 
temperature  is  essential  for  attaining  high  QE's.  Heat 
cleaning  to  600°  C  is  much  (300  percent  better  than 
500  °C,  and  620  °C  is  somewhat  (10-30  percent)  better 
than  600°  C.  Better  QE  (by  about  10  percent)  was 
obtained  by  adding  some  cesium  near  the  end  of  the 
heat  cleaning  when  the  heat  cleaning  temperature  is 
600  °C. 

VH.  SUMMARY  OF  RESULTS 

Peak  QE  results  for  various  cathode  materials  are 


summarized  in  Table  1.  QEs  as  high  as  14  percent  at 
750  nm(20  percent  at  633  nm)  have  been  obtained  for 
GaAs  and  GaAsP.  The  results  depend  somewhat  on 
chamber  history,  the  laser  power  used  (influencing 
electron  desorption  rate),  and  the  number  of  previous 
activations  of  that  cathode.  Results  using  different 
cathodes  cut  from  the  same  wafer  can  vary  2  percent  in 
QE. 

Electron  polarization  of  these  photocathode 
materials  is  measured  as  2*  40  percent,  except  for  the 
strained  GaAs  material,  which  gives  electron 
polarization  2  80  percent  [7). 
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Material 

QP 

Vendor 

Composition 

Active  Layer 
Thickness 

VGFGaAs 

13.90% 

AXT 

GaAs 

635.0pm 

2  E+19  Zn 

Strained  GaAs 

0.85% 

SPIRE 

GaAs  on  GaAsP  0.2pm 

5  E+18  Zn 

GaAsP 

14.40% 

EPI 

GaAs.87P.13 

2.0pm 

6  E+18  Zn 

GaAsP 

13.00% 

EPI 

GaAs.87P.13 

4.0pm 

2  E+19  Zn 

AIGaAs 

7.10% 

NES 

GaAs.8aAI.12 

1.5pm 

6  E+18  Be 

AIGaAs 

6.00% 

UCB 

GaAs.g8AI.12 

0.3pm 

5  E+18  Be 

AIGaAs 

6.10% 

QED 

GaAs.88Ai.12 

0.3pm 

1  E+19  Be 

AIGaAs 

5.10% 

NES 

GaAs.8sAI.12 

0.3pm 

1  E+19  Be 

Table  1:  Summary  table  of  results  for  various  materials. 
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Abstract 

Pbotoemissioo  measurements  with  a  barium  photo- 
cathode  and  a  nitrogen  laser  are  reported.  The  cathode  is  pre¬ 
pared  by  evaporating  barium  onto  a  copper  disc.  Radiation 
from  a  nitrogen  laser  (337  nm,  10  ns)  is  polarized  and  strikes 
the  cathode  surface  at  variable  angles.  An  electron  quantum 
yield  as  high  as  lxlO*3  is  observed.  The  dependence  of  the 
quantum  yield  on  the  beam  polarization  and  angle  of  inci¬ 
dence  is  investigated.  The  results  indicate  that  higher  quantum 
yields  are  achieved  when  the  laser  beam  is  incident  at  an  angle 
of  -33°  and  is  polarized  perpendicular  to  the  plane  of  inci¬ 
dence. 

L  INTRODUCTION 

The  laser  driven  RF  photocathode  [1]  holds  great 
promise  as  a  source  of  rightly  bunched  high-brightness  elec¬ 
tron  beams.  This  is  important  for  many  accelerator  applica¬ 
tions,  as  well  as  for  the  generation  of  shortwave  electromag¬ 
netic  radiation.  It  is  therefore  important  to  improve  and  opti¬ 
mize  the  photocathode  efficiency. 

It  has  been  shown  [2]  that  barium  is  an  attractive 
candidate  for  use  as  a  photocathode  material.  It  has  a  low 
work  function  (-2.5  eV)  and  provides  relatively  high  electron 
quantum  yields.  This  paper  reports  work  on  the  optimization 
of  the  performance  of  barium  photocathodes.  Studies  are  con¬ 
ducted  on  the  dependence  of  the  quantum  yield  on  laser  beam 
incident  angle  and  polarization.  The  results  shown  here  may 
be  relevant  to  other  photocathode  materials  as  well. 

II.  EXPERIMENTAL  SETUP 

A  22  cm  diameter  stainless-steel  vacuum  chamber 
pumped  by  a  ayosotption  pump  houses  the  photocathode.  The 
typical  base  pressure  in  the  chamber  is  2xl0"7  Tore.  The  cath¬ 
ode  consists  of  a  solid  copper  disc  (20  mm  in  diameter)  onto 
which  a  thin  layer  of  barium  is  vapor  deposited.  The  anode,  a 
graphite  disc  (13  mm  in  diameter),  is  located  directly  in  front 
of  the  cathode.  They  are  mounted  on  a  stainless-steel  shaft  by 
means  of  small  ceramic  rods  and  separated  by  a  distance  of  40 
mm  (Fig.  1).  The  rotation  of  the  shaft  allows  for  the  variation 
of  the  laser  incident  angle  on  the  cathode  surface,  while  keep¬ 
ing  the  cathode-anode  distance  fixed. 

The  photocathode  is  prepared  by  evaporating  barium 
from  commercially  available  getter  wires  (SAES).  A  move- 
able  support,  holding  twenty  1.6  cm-long  segments  of  barium 
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getter  wire,  is  placed  directly  in  front  of  the  cathode  surface. 
The  passage  of  electric  current  through  the  wires 
(approximately  3  Amperes  per  segment)  raises  their  tempera¬ 
ture  and  cruises  the  barium  to  evaporate.  Some  of  the  barium 
vapor  adheres  to  the  cathode  surface,  forming  a  barium  layer 
that  is  a  few  microns  thick.  The  getter  assembly  is  then  moved 
away  from  the  cathode.  The  whole  process  of  barium  deposi¬ 
tion  is  performed  in  vacuum,  and  the  pressure  is  kept  in  the 
HT7  Tore  range. 


Figure  1.  Schematic  of  the  cathode  and  anode. 

A  schematic  of  the  experimental  setup  is  shown  in 
Fig.  2.  Nitrogen  laser  radiation  at  337  nm  with  a  pulse  width 
of  approximately  10  ns  and  a  repetition  rate  of  22  Hz  is  used 
to  excite  the  photocathode.  An  iris  limits  the  diameter  of  the 
beam  to  approximately  4  mm.  The  laser  beam  is  directed 
through  a  spatial  filter  to  improve  the  beam  quality  and  polar¬ 
ized  by  a  calcite  Gian  prism.  The  beam  power  is  then  attenu¬ 
ated  to  0.03  -  1  pJ/pulse  and  enters  the  vacuum  chamber 
through  a  quartz  window.  The  photoelectrons  are  collected  by 
the  anode,  which  can  be  biased  to  a  maximum  potential  of  6 
kV. 

A  photodiode  monitors  the  laser  power  by  using  the 
small  fraction  of  the  beam  that  is  reflected  at  the  quartz  win¬ 
dow.  It  is  important  to  note  that  this  reflection  occurs  at  near- 
normal  incidence,  making  the  reflection  coefficient '  sensitive 
to  the  polarization  state  of  the  beam.  This  refla  ted  v  is 
subsequently  deflected  to  the  photodiode  by  a  pv^m.  (This 
process  is  also  insensitive  to  the  beam  polarization.) 

in.  MEASUREMENTS 

The  time-averaged  photocurrent  is  measured  by  a  pi- 
coammeter  connected  to  the  cathode.  The  quantum  yield  is 
then  calculated  as  the  ratio  between  the  number  of  emitted 
electrons  and  the  number  of  incident  photons.  A  calibrated 
thermopile  detector  (Scientecb,  model  S-3610)  is  used  to  mea- 
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Figure  2.  Schematic  of  the  experimental  setup. 


sure  the  time-averaged  laser  power,  thereby  determining  the 
number  of  photons. 

Figure  3  presents  the  measured  quantum  yield  as  a 
function  of  anode  bias  voltage  and  barium  layer  age.  The 
graph  shows  that  the  voltage  applied  to  the  collecting  anode 
has  to  be  sufficiently  high  to  overcome  the  space-charge  limit 
at  the  cathode.  For  high  enough  voltages  the  measured  quan¬ 
tum  yield  is  independent  of  the  anode  voltage,  indicating  that 
all  the  emitted  electrons  are  collected.  The  figure  also  illus¬ 
trates  the  decrease  of  the  quantum  yield  as  a  function  of  the 
cathode  age,  which  is  presumably  a  consequence  of  the  con¬ 
tamination  of  the  barium  surface. 


anode  voltage  (kV) 

Figure  3.  Electron  quantum  yield  as  a  function  of  anode  volt¬ 
age  and  barium  layer  age. 


Absolute  values  of  the  laser  beam  energy  are  mea¬ 
sured  with  the  above  mentioned  thermopile  detector.  The  pre¬ 
cision  of  these  power  measurements  is  -20%  at  these  low  av¬ 
erage  power  levels  (<0.3  mW).  More  precise  (although  only 
relative)  power  measurements  are  obtained  with  a  photodiode 
(see  Fig.  2).  In  the  next  paragraphs  we  present  the  quantum 
yield  dependence  on  the  polarization  and  angle  of  incidence  of 
the  laser  beam.  In  both  cases  the  laser  power  is  measured  with 
the  photodiode,  therefore  die  quantum  yield  values  are  just 
relative  measurements. 

Figure  4a  shows  the  relative  quantum  yield  as  a 
function  of  laser  beam  polarization  (for  a  fixed  angle  of  inci¬ 
dence).  The  quantum  yield  reaches  a  maximum  value  when 
the  polarization  state  is  such  that  the  component  of  the  electric 
field  normal  to  the  cathode  surface  is  maximized  (cf.  Fig.  4b). 
Conversely,  the  quantum  yield  has  a  minimum  value  when  die 
electric  field  in  the  laser  beam  is  parallel  to  die  cathode  sur¬ 
face. 

Figure  5  illustrates  the  dependence  of  the  quantum 
yield  on  the  laser  beam  incident  angle.  Two  curves  are  shown, 
corresponding  to  two  polarization  angles  of  the  beam 
(perpendicular  to  each  other).  The  difference  between  the 
quantum  yield  of  each  polarization  becomes  larger  as  the  inci¬ 
dent  angle  is  increased.  The  maximum  quantum  yield  is 
reached  at  an  incident  angle  of  -33°,  with  the  beam  polarized 
perpendicular  to  tbe  plane  of  Incidence.  Small  angles  of  inci¬ 
dence  cannot  be  explored  because  die  anode  would  Mock  the 
laser  beam.  Measurements  with  very  large  angles  are  also  dif¬ 
ficult;  a  fraction  of  the  beam  can  easily  "miss"  the  cathode 
surface. 

IV.  DISCUSSION 

La  these  experiments  electron  quantum  yields  of  10"^ 
have  been  measured  with  a  barium  pbotocathode  at  a  wave¬ 
length  of  337  nm.  These  values  are  comparable  to  results  in 
similar  experiments  employing  barium  cathodes  and  at  a 
number  of  excimer  laser  wavelengths  [2],  Thus,  it  has  been 
demonstrated  that  barium  is  a  very  attractive  candidate  for  use 
as  a  pbotocathode  material.  Barium  presents  quantum  yields 
much  higher  than  the  values  obtained  with  bare  copper,  with 
vacuum  requirements  that  are  only  slightly  more  stringent 


3043 


(-10*7  Torr).  Cesiated  semicooductors  [3]  can  achieve  higher 
quantum  yields,  but  ultra-high  vacuum  is  required  for  their 
operation  (<10“9  Torr). 


Figure  4.  Effect  of  the  laser  polarization  on  the  quantum  yield: 
(a)  normalized  quantum  yield  as  a  function  of  polarization 
angle;  (b)  diagram  indicating  the  angles  of  polarization  (a) 
and  incidence  (6). 


An  enhancement  of  the  photoe  mission  has  been  ob¬ 
served  when  the  laser  light  is  polarized  such  that  the  electric 
field  of  the  laser  beam  has  a  component  normal  to  the  cathode 
surface.  This  effect  is  small  at  near-normal  laser  incidence, 
and  is  more  pronounced  for  larger  incident  angles. 

The  effect  of  the  beam  polarization  on  the  quantum 
yield  must  be,  in  part,  due  to  changes  of  the  reflection  coeffi¬ 
cient  of  the  barium  as  a  function  of  the  angle  of  incidence  and 
the  polarization  of  the  light  Thus,  a  smaller  reflection  coeffi¬ 
cient  allows  a  larger  fraction  of  the  incident  photons  to  interact 
with  the  barium  layer,  yielding  a  larger  number  of  pbotoelec- 
trons.  We  are  presently  investigating  this  topic.  Preliminary 
calculations  of  the  reflection  coefficient  are  consistent  with  the 
measured  curves.  These  estimates  are  limited  by  the  uncer¬ 
tainty  in  the  values  of  the  optical  constants  of  barium,  and  also 
by  the  unknown  effect  of  the  roughness  of  the  actual  cathode 
surface. 

We  have  also  observed  these  polarization  effects  with 
laser  power  levels  that  differ  by  an  order  of  magnitude.  This 
suggests  that  the  effect  cannot  be  attributed  to  field-assisted 
photoemission  in  an  obvious  way. 
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Abstract 

We  describe  the  Polarised  Light  Sources  used  at  SLAC 
during  the  1992  runs  of  the  experiments  SLD  and  E142. 

I.  Introduction 

Polarised  electron  sources  utilising  photocathodes  are 
currently  in  use  at  many  accelerators  around  the  world. 
Two  experiments  utilising  polarised  beams  at  SLAC  are 
SLD,  ran  with  the  SLAC  Linear  Collider  (SLC)  at  the  Z° 
resonance,  and  E142  which  is  a  fixed  target  experiment 
running  in  End  Station  A.  The  Polarised  Light  Source 
(PLS)  performance  for  these  experiments  is  summarized 
in  ikble  I. 

II.  The  PLS  for  the  1992  SLD  Experiment 

In  1992,  there  were  a  five  month  SLD  run  and  a  two 
month  E142  run  at  SLAC.  The  Polarized  Electron  Source 
used  for  the  SLD  run  is  shown  in  Fig.  1.  The  laser  used 
was  a  flashlamp-pumped  dye  laser  operating  at  120  Hs  and 
716  nm.  A  current  pulse,  15  J  in  1.5  /u,  is  sent  to  each  of 
two  flashlamps  and  produces  (typically)  a  5  mj  laser  pulse 
with  a  pulse  width  of  750  ns. 

A  Laser  Pulse  Chopper  (LPC)  system  consisting  of  a 
Pockels  Cell  between  crossed  polarizers  is  used  to  produce 
two  2  ns  pubes  separated  by  60  ns  from  the  initial  750  ns 
puke.  The  first  of  these  pulses  produces  an  electron  bunch 
for  e+e"  collisions,  while  the  second  laser  pulse  produces 
an  electron  bunch  for  positron  production.  Following  the 
Laser  Pube  Chopper,  a  Bunch  Intensity  Control  (BIC)  sys¬ 
tem  consisting  of  a  Pockels  Cell  between  aligned  polarizers 
is  used  to  regulate  the  intensity  of  laser  light  on  the  pho¬ 
tocathode. 

The  laser  beam  is  linearly  polarized  through  the  BIC 
system.  A  linear  polarizer  followed  by  a  Pockels  Cell  oper¬ 


Figure  1.  Hie  Polarized  Electron  Source  at  SLAC. 
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ating  at  its  quarter-wave  voltage  compose  the  Circular  Po¬ 
larizer  System  (CPS)  to  produce  circularly  polarized  light. 
A  positive  HV  pulse  on  the  CPS  Pockels  Cell  produces 
positive  helicity  light,  while  a  negative  HV  pulse  produces 
negative  helicity  light.  The  sign  of  the  HV  pulse  is  set  by 
a  random  number  pattern  generator,  which  updates  at  120 
Hz.  This  effectively  eliminates  any  false  asymmetries  due 
to  time-dependent  behaviour  of  the  accelerator.  The  ab¬ 
solute  helicity  of  thf  laser  light  was  determined  using  total 
internal  relection  in  a  prism  to  generate  a  known  helicity 
laser  beam. 

After  the  CPS  system,  the  laser  beam  enters  a  20- 
meter-long  vacuum  transport  line  to  the  photocathode. 
This  transport  line  contains  a  6  m  focal  length  imaging 
lens  approximately  midway  between  the  CPS  Pockels  Cell 
and  the  photocathode.  It  also  contains  four  mirrors  to  redi¬ 
rect  the  laser  beam  to  the  photocathode  while  preserving 
circular  polarization. 


Table  I.  PLS  Performance 


SLD 

E142 

Repetition  Rate 

120  Hz 

120  Hz 

Puke  Energy 

5  pJ 

20  nl 

Puke  Length 

2  ns 

1.2  ya 

Circular  Polarization 

99% 

99% 

Intensity  Jitter 

5%  rms 

2%  rms 

Helicity  Dependent 
Intensity  Asymmetry 

<  10~3 

<  io-“ 

Figure  2.  The  Polarized  Light  Source  for  E142. 
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The  PLS  ran  continuously  at  120  Hz  for  the  five  month 
SLD  run  in  1902,  with  only  s  four  hour  scheduled  down¬ 
time  every  ten  days  for  dye  and  flashlamp  changes.  The 
PLS  delivered  usable  beams  for  SLD  running  with  about 
95%  efficiency  for  the  run,  including  the  scheduled  down¬ 
time.  Typically,  5  /sJ  in  a  2  ns  bunch  was  delivered  to  the 
photocathode  with  99%  circular  polarization.  The  heli city- 
dependent  intensity  asymmetry  was  determined  to  be  las 
than  5  •  10~4  from  monitoring  of  the  electron  beam.  The 
GaAs  photocathode  used  had  a  typical  quantum  efficiency 
of  5%  and  produced  6-1010  electrons  per  2  ns  bunch  (5  A 
peak  current).  The  electron  beam  polarization  was  28%. 

III.  The  PLS  for  the  1992  E142  Experiment 

following  the  SLD  run,  the  PLS  was  reconfigured  for 
E142  as  shown  in  Pig.  2.  For  long  pulse  operation,  the 
dye  laser  was  modified  to  produce  longer  output  pulses  at 
lower  peak  power.  Two  beams  from  the  pulsed  dye  laser 
are  produced  —  a  1.2-ps-long  pulse  for  the  experiment,  and 
a  2  ns  short  pulse  for  accelerator  diagnostics  and  tuning. 
Normal  operating  conditions  during  E142  were  concurrent 
running  of  the  long  pulse  at  119  Hz  and  the  short  pulse  at 
1  Hz. 

The  Laser  Pulse  Chopper  Pockets  Cell  system  is  sim¬ 
ilar  to  the  one  described  above  for  the  SLD  experiment, 
except  that  now  the  Pockels  Cell  is  between  aligned  polar¬ 
izers,  and  only  one  pulse  is  produced.  The  Tbphat  Pulse 
Shaper  (TOPS)  system  shapes  the  dye  laser  pulse  into 
a  1.2  p8  long  flattop  pulse.  A  fast  feedback  system  de¬ 
termines  a  correction  voltage  to  the  TOPS  Pockels  Cell 
such  that  a  photodiode  signal  following  the  TOPS  system 
matches  a  reference  waveform. 

After  TOPS  is  the  BIC  system  which  serves  the  same 
purpose  as  for  the  SLD  experiment,  which  is  to  regulate 
the  laser  light  cm  the  photocathode  and  hence  the  intensity 
of  the  long  pulse  electron  beam.  After  the  BIC  system,  the 
short  and  long  laser  pulses  are  combined  and  sent  to  the 
CPS  system,  which  is  identical  to  that  used  for  SLD.  From 
the  CPS  on,  the  PLSs  for  E142  and  SLD  are  identical. 


The  PLS  efficiency  for  E142  is  similar  to  its  efficiency 
for  SLD,  with  typically  four  hours  of  scheduled  mainte¬ 
nance  every  10  days  for  dye  and  lamp  changes.  The  PLS 
delivers  about  20  /*J  in  a  1 .2  /is  pulse  to  the  photocathode 
with  99%  circular  polarization.  Helidty-dependent  inten¬ 
sity  asymmetries  as  large  as  1.5-10-4  have  been  measured 
during  E142  running.  This  helidty  asymmetry  is  believed 
to  arise  from  two  effects — residual  linear  polarization  in 
the  laser  beam  coupled  with  a  small  transmission  asym¬ 
metry  in  the  laser  transport  optics  from  the  CPS  to  the 
photocathode,  and  steering  of  the  laser  beam  by  the  CPS 
Pockels  Cell  due  to  misalignment  of  the  laser  beam  with 
respect  to  the  Pockels  Cell.1  for  E142,  an  AlGaAs  pho¬ 
tocathode  was  used.  It  had  a  typical  quantum  effidency 
of  0.8%  and  produced  3.5-1011  electrons  in  a  1.2  /xs  pulse. 
The  electron  beam  polarization  was  40%. 

VI.  Conclusions 

We  have  described  the  Polarized  Light  Source  used  to 
produce  a  polarized  electron  beam  at  SLAC.  PLS  opera¬ 
tion  for  the  1992  SLD  and  E142  experiments  was  very  suc¬ 
cessful,  having  an  uptime  efficiency  of  95%  averaged  over 
seven  months  of  running. 
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SLAC  Stanford  CA  94309 


Abstract 

A  new  laser  system  has  been  developed  as  the 
light  source  for  the  SLAC  polarized  electron  source  for 
the  1993  SLD  physics  run.  A  Q-switched  and  cavity- 
dumped  Ti:Sapphire  laser,  pumped  by  a  doubled  YAG 
laser  is  used.  This  laser  delivers  typically  50pJ  to  the 
photocathode  with  the  required  2  nanosecond,  double 
pulse,  120Hz  time  structure.  The  laser  operates  at 
wavelengths  between  760nm  and  870nm.  The  laser 
was  installed  on  the  SLAC  linac  in  January  1993,  and 
is  currently  in  use. 

I.  INTRODUCTION 

The  polarized  electron  source  for  the  SLAC  linac 
uses  a  semiconductor  photocathode  driven  by  a  laser. 
For  the  1992  physics  run,  a  flash] amp  pumped  dye 
laser  was  used[l].  The  new  high  polarization  strained- 
lattice  cathodes[2]  intended  for  the  1993  run  required 
higher  optical  pulse  energies  and  longer  wavelengths 
than  the  dye  laser  could  deliver.  The  requirements 
for  the  new  laser  were: 

Table  1.  Laser  Operating  Parameters 
Operating  wavelength  760nm  -  870nm 
Pulse  energy  to  cathode  >50pJ 
Pulse  length  2.0ns 

Tuning  jitter  <50ps  RMS 

Pulse  structure  2  pulses,  62ns  apart 

Repetition  rate  120Hz 

Energy  stability  <3%  RMS 

Pointing  stability  <5pR  RMS 

Reliability  >95%  uptime 

System  Lifetime  >10,000  Hours 

No  commercial  lasers  were  available  which  could 
meet  these  parameters,  so  a  system  was  developed  at 
SLAC. 

II.  LASER  SYSTEM  DESIGN 

A.  Optical  layout 

Titanium  doped  sapphire  (Ti+^:Al203)(3]  is  the 
only  commercially  available  solid  state  laser  material 
which  can  operate  over  the  required  wavelength 
range  at  the  required  powers  and  repetition  rates. 
Frequency  doubled  YAG  was  chosen  as  the  most 
practical  pump  source  for  Ti:Sapphire. 

We  decided  to  use  2  Ti:Sapphire  cavities  to 
produce  the  first  and  second  pulses.  This  allowed 
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independent  control  of  pulse  timing  and  intensity. 
Commercial  YAG  lasers  with  the  required  output 
energy  (5mJ  at  532nm)  were  not  available  with 
repetition  rates  greater  than  60Hz.  This  necessitated 
the  use  of  2  YAG  lasers  operating  interleaved  to  pump 
each  of  the  Ti:Sapphire  cavities.  Figure  1  shows  the 
overall  system  layout. 


SLAC  TiiSapphire  Polarized  Source  Laser  System  Layout 


Figure  1.  Laser  System  Layout 


B.  Optical  Cavity  Design 

The  TiiSapphire  cavities  are  Q-switched[4]  and 
cavity  dumped[5]  with  an  intra-cavity  Pockels  Cell 
and  polarizer  (Figure  2).  When  high  voltage  is 
applied  to  the  Pockels  cell,  the  polarization  of  the  light 
in  the  cavity  is  rotated  and  lasing  is  inhibited. 
Removing  the  high  voltage  allows  build-up  of  light  in 
the  cavity  to  begin.  When  the  intra-cavity  optical 
power  reaches  maximum,  a  fast  high  voltage  edge  is 
applied  to  the  Pockels  cell.  This  causes  the  circulating 
light  to  be  extracted  through  one  of  the  cavity 
polarizers.  This  produces  a  pulse  whose  length  is  the 
round  trip  length  of  the  optical  cavity. 

SLAC  Polarized  Source  TiiSapphire  Cavity 


Figure  2.  Laser  Cavity  Layout. 
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A  Fockels  cell  with  a  fast  (ISOpsec  rise  and  fall 
time)  avalanche  transistor  driver  chops  the  output 
pulse  to  the  required  2ns  width.  An  additional  Pockels 
cell  after  each  cavity  is  used  to  control  the  output 
intensity. 

B.  Feedbacks 

The  Polarized  source  laser  is  required  to  run  for 
long  periods  of  time  (weeks)  without  adjustment.  A 
number  of  feedbacks  have  been  incorporated  into  its 
design  to  allow  long  term  stable  operation  (Figure  3.) 


A  pair  of  feedback  loops  stabilize  the  output 
energy  from  each  of  the  YAG  lasers.  A  photodetector 
monitors  the  output  energy  and  adjusts  the  flashlamp 
high  voltage.  Drifts  in  the  YAG  output  beam  steering 
are  removed  by  optics  which  image  the  YAG  rods  onto 
the  Ti:Sapphire  crystals. 

The  primary  source  of  intensity  jitter  in  the 
Ti:Sapphire  cavities  is  variations  in  the  optical  gain 
causing  the  timing  of  the  Q-switched  pulse  to  change. 
As  the  cavity  dump  time  is  fixed  by  the  accelerator 
timing,  these  variations  in  build-up  time  cause 
variations  in  output  intensity.  Feedback  loops  which 
measure  the  build-up  time  of  the  light,  and  control  the 
stop  time  of  the  Q-switch  pulse  are  used  to  maintain 
the  cavity-dump  time  at  the  peak  of  the  optical  pulse. 
The  gain  variations  due  to  changes  in  each  of  the  YAG 
lasers  on  each  of  the  Ti:Sapphire  cavities  are 
independent  so  4  separate  timing  feedback  loops  are 
used.  Without  the  timing  stabilization,  the  output 
intensity  jitter  from  the  Ti:Sapphire  lasers  is 
approximately  12%RMS.  The  feedbacks  reduce  this  to 
approximately  5%  RMS. 

The  output  power  from  the  Ti:Sapphire  cavities  is 
stabilized  by  intensity  feedbacks  which  read  the 
optica]  energy  and  control  the  high  voltage  to  a 


Pockels  cell.  Separate  feedbacks  are  used  for  pulses 
generated  by  each  of  the  pump  lasers. 

C.  Fast  Feedforward 

After  the  slow  timing  feedbacks  have  removed 
drifts  in  the  build-up  time  of  the  optical  power,  the 
major  remaining  source  of  jitter  is  pulse  to  pulse 
fluctuations  in  gain  due  to  intensity  jitter  in  the  pump 
YAG  lasers.  A  "Fast  Feedforward"  system  is  used  to 
eliminate  this  effect  to  first  order.  The  fast 
feedforward  measures  the  YAG  output  energy,  and  on 
the  same  pulse,  adjusts  the  stop  time  for  the 
Ti:Sapphire  Q-switch  to  reduce  the  build-up  time 
jitter.  The  fast  feedforward  reduces  the  output  jitter 
from  the  Ti:Sapphire  cavities  to  <3%  RMS. 

III.  SYSTEM  PERFORMANCE 

A.  Electron  Beam  Current 

Hie  laser  system  is  currently  installed  on  the 
SLAC  polarized  source  driving  a  strained  lattice  GaAs 
photocathode.  The  maximum  charge  which  can  be 
extracted  in  nanosecond  pulses  from  semiconductor 
photocathodes  saturates  as  a  function  of  incident  laser 
energy[6].  A  charge  saturation  curve  for  the  source 
cathode  at  a  wavelength  of  863nm  is  given  in  figure  4. 

Photocathode  Saturation  Curve  (typical) 


Figure  4.  Photocathode  charge  saturation 
This  saturation  in  the  charge  extracted  from  the 
photocathode  reduces  the  sensitivity  of  the  electron 
beam  current  to  fluctuations  in  the  laser  intensity. 
The  laser  is  typically  operated  at  the  maximum  of  the 
saturation  curve  (approximately  50pJ)  with  a 
resulting  output  current  stability  of  <1.6%  RMS.  The 
total  current  from  the  gun  is  adjusted  by  changing  the 
spot  size  of  the  laser  on  the  photocathode. 

The  charge  limit  for  the  first  bunch  reduces  the 
available  total  charge  for  the  second  bunch.  The 
charge  limit  is  larger  for  shorter  laser  wavelengths. 
As  the  polarization  of  the  second  electron  bunch  is 
not  important  (  it  is  used  to  generate  positrons),  we 
are  able  to  operate  the  Ti.Sapphire  cavity  #2  at 
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shorter  wavelengths  (770nm).  This  increases  the 
charge  limit  for  the  second  bunch  to  allow  production 
of  equal  intensity  bunches. 

B.  Position  Stability 

Position  instabilities  of  the  laser  spot  on  the 
photocathode  are  the  result  of  two  primary  sources. 
Motion  of  the  YAG  pump  beams,  and  drift  and 
vibration  of  the  optical  transport  system.  The 
Ti:Sapphire  cavities  themselves  do  not  introduce 
significant  beam  motion. 

Motion  of  the  pump  beams  causes  the  position  of 
maximum  gain  in  the  Ti:Sapphire  cavity  to  move  and 
the  mode  position  to  shift.  This  is  particularly 
troublesome  because  the  drifts  of  the  two  YAG  lasers 
are  independent,  and  the  result  is  an  output  beam 
position  which  alternates  at  60Hz.  This  motion  is 
typically  40pm  RMS  (for  a  8mm  FWHM  spot)  at  the 
photocathode.  Vibration  of  the  laser  transport  system 
produces  similar  amplitude  motions.  Under  normal 
operating  conditions,  these  motions  do  not 
significantly  effect  electron  beam  operation. 

C.  Wavelength  and  Polarization 

At  the  present  time  there  is  no  polarimeter  to 
measure  the  electron  beam  polarization  directly  from 
the  photocathode  gun.  A  combination  of 
measurements  on  the  SOGeV  beam  and  laboratory 
measurements  on  similar  cathodes  can  be  used  to 
estimate  the  source  polarization  as  a  function  of  laser 
wavelength.  Note:  the  laser  polarization  is  >99%.  For 
wavelengths  longer  than  860nm,  the  electron 
polarization  at  the  gun  is  believed  to  be  80%±5%[7]. 
For  shorter  wavelengths,  the  polarization  decreases  at 
about  1%  per  nanometer. 

The  only  wavelength  tuning  in  tire  laser  system  is 
due  to  the  limited  bandwidth  of  the  polarizers.  The 
combination  of  polarizers  in  transmission  and 
reflection  produces  a  bandwidth  of  about  4nm  FWHM. 
The  center  wavelength  drifts  (dependent  on  humidity) 
by  ±3nm  on  a  timescale  of  days. 

The  charge  limit  decreases  and  the  optical  energy 
required  to  saturate  the  cathode  increases  when  the 
wavelength  is  increased.  We  operate  the  laser  at 
wavelengths  between  862nm  and  868nm  to  maintain 
good  polarization  and  charge  limit. 

D.  System  Reliability 

The  laser  system  was  commissioned  on  the  SLAC 
linac  at  the  end  of  January  199  Table  2  lists  system 
downtime  since  that  time.  191-  run  uptime  with  the 
flashlamp  pumped  dye  laser  source  are  listed  for 
comparison. 


Table  2.  Laser  System  Uptime 


System  Performance 

1992 

1993 

Total  hours 

3980 

2230 

Uptime 

97.0% 

97.4% 

Downtime  -  scheduled 

2.0% 

1.6% 

Downtime  -  unscheduled 

1.0% 

1.0% 

Scheduled  maintenance  of  the  laser  has  been 
dominated  by  wavelength  and  transport  system 
changes  to  optimize  polarization.  In  the  fiiture, 
scheduled  downtime  will  probably  be  dominated  by 
YAG  laser  flashlamp  changes:  4  hours  every  45  days 
or  0.4%.  The  laser  system  uses  4  planar  triode  tube 
pulsers.  Maintenance  on  these  units  will  probably 
increase  scheduled  down  time  to  approximately  0.5%. 

The  largest  unscheduled  maintenance  item  has 
been  avalanche  transistor  Pockels  cell  driver  failures. 
These  units  produce  the  ISOpsec  rise  time,  2ns  wide, 
3KV  pulses  to  chop  the  optical  beam.  The  electrical 
performance  of  these  units  is  excellent,  and  we  are 
working  to  improve  their  reliability.  Other 
unscheduled  failures  totaled  0.4%. 

D.  Overall  Performance 

This  laser  system  has  been  used  as  the  source  for 
the  SLAC  linac  for  the  production  of  >15,000  Z q 
bosons  (as  of  5/1/93)  with  approximately  60%  electron 
polarization  at  the  SLD  detector. 
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Abstract 

Generating  a  100  nC,  20  ps  (FWHM)  pulse  length  electron 
beam  at  the  AWA  requires  a  stable  laser  system  capable 
of  producing  1  -  3  ps,  1  mJ  pulses  at  248  nm  and  the 
capability  of  shaping  the  wave  front.  A  wave  front 
stuping  device  has  been  designed  and  built.  It  consists  of 
nine  concentric  cylindrical  minors.  Each  cylinder’s 
position  can  be  adjusted  relative  to  the  others  by  a  system 
of  computer  controlled  stepping  motors.  The  reflecting 
surfaces  were  optically  polished  and  dielectric  coated. 
Detailed  characterizations  of  the  laser  pulse  shaper’s 
performance  using  a  streak  camera  and  its  associated 
optics  are  presented. 

1.  Introduction 

The  Argonne  Wake-field  Accelerator  (AWA)  is 
under  construction.  Phase  1  of  the  AWA  indudes  a  linac 
winch  can  produce  100  nC,  20  ps  (FWHM)  electron 
bunches  at  20  MeV.  An  L-band  photocathode  gun  and 
standing  wave  preaccelerator  are  used  to  generate  such 
high  electron  beam  currents.  One  of  the  key  components 
of  the  gun  is  a  pulsed  laser  system  which  produces  2  ps, 
1  mJ  pulses  at  248  nm  and  operates  at  a  ma  unum 
repetition  rate  of  30  Hz.  A  laser  system  constructed 
jointly  by  Coherent-Lambda  Physik  has  been  purchased  to 
fulfill  these  requirements.  Details  of  AWA  design  and 
construction  status  are  discussed  in  reference  [1].  The 
design  requires  that  the  electron  beam  have  a  roughly 
spherically  concave  shape  as  it  is  emitted  from  the 
cathode,  with  the  first  electrons  emitted  from  the  outer 
diameter  of  the  cathode.  A  sagitta  of  about  17  ps  has 
been  identified  as  a  reasonable  starting  point  This 
curvature  has  two  important  benefits.  First,  it  reduces 
.significantly  the  radial  space  charge  forces  as  the  electrons 
are  accelerated  because  of  relativistic  effects.  Second,  it 
produces  an  energy  and  radial  spatial  correlation  which 
permits  a  smaller  beam  spot  at  the  end  when  combined 
with  nonlinear  focusring. 


stepping  motor.  The  front  surface  of  each  cylinder  is 
optically  polished  and  coated  with  dielectric  to  increase 
UV  reflectivity.  Laser  pulses  are  incident  normally  on 
these  surfaces.  By  adjusting  each  cylinder’s  axial 
position,  the  reflected  wave  front  is  shaped  accordingly. 
This  scheme  is  flexible  in  its  configuration  and  permits  the 
production  of  nearly  arbitrary  wavefront  shapes. 

2.  Laser  system  configuration 

The  schematic  diagram  of  the  laser  system  is 
shown  in  the  Figure  1.  The  system  uses  well  known 
technologies2.  The  central  component  of  the  "front  end” 
is  a  synchronously  pumped  mode  locked  dye  oscillator 
(Coherent  702).  The  dye  laser  is  tuned  to  die  desired 
wavelength  of  497  nm  by  a  single-plate  birefringence 
filter.  Coumarin  102  dissolved  in  benzyl  alcohol  and 
ethylene  glycol  is  the  lasing  medium,  and  DOC3  dissolved 
in  benzyl  alcohol  and  ethylene  glycol  is  the  saturable 
absorber.  A  harmonic  tripled  mode  locked  Nd:YAG  laser 
is  used  to  pump  the  dye  laser.  The  frequency  of  the  mode 
locker  is  40.625  MHz  which  is  the  32nd  harmonic  of  1.3 
GHz  rf  frequency  exactly. 


Figure  1  Schematic  Diagram  of  the  AWA  laser  system 


In  this  paper,  we  discuss  the  laser  set  up  and  the 
laser  pulse  shaping  device.  The  pulse  shaper  consists  by 
nine  concentric  cylinders.  The  axial  position  of  each 
cylinder  can  be  adjusted  relative  to  its  neighbor  by  a 


A  single  pulse  from  the  dye  laser  output  train  is 
amplified  to  300  pJ  through  a  three-stage  dye  amplifier. 
The  dye  amplifier  is  Lambda-Physik  FL2003  pumped  by 
100  mJ,  308  nm  pulses  from  a  Lambda- Phyisk  LPX105i 
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exdiner  laser.  The  duration  of  the  pump  pulse  is 
ihortcncd  to  10  ns  so  only  one  pulse  from  die  dye 
oscillator  is  selected  sod  amplified.  The  output  from  the 
dye  amplifier  is  frequency  doubled  in  s  3x3x7mm  angle 
matched  BBO  crystal.  Output  at  248  nm  is  typically  25  - 
30  pJ. 

Amplification  of  the  ultra-short  UV  pulses  is  done 
in  a  single  stage  KrF  excimer  laser  (Lambda- Physik 
LPX105i).  The  input  pulses  pass  through  the  amplifier 
twice  in  order  to  utilize  its  frilly  stored  energy.  The 
output  energy  from  final  amplifier  is  measured  by  using 
Molectroo  J25  joule  meter.  An  output  energy  of  8  -  10 
mJ  is  obtained  routinely.  Depending  on  the  discharge  HV, 
the  ASE  is  -  5  - 10%  measured  at  20  cm  from  the  output 
window.  The  length  of  the  final  pulse  is  measured  by 
Hamamatsu  streak  camera  (model  C1587)  which  has 
resolution  of  2  ps.  The  typical  measured  pulse  length 
(FWHM)  is  3  -  4  ps.  No  satellite  pulses  are  observed. 
The  repetition  rate  of  the  of  the  laser  can  be  as  high  as 
35  Hz. 

3  Laser  Pulse  Shaper  and  Its  Characterizations 

Figure  2  shows  die  mechanical  drawing  of  the 
laser  pulse  shaper.  All  the  cylinders  have  a  wall  thickness 
of  1  mm  except  the  4  mm  diameter  center  rod.  The 
diameter  of  the  outer  most  cylinder  is  2  cm.  The 
cylinders  are  made  of  carbon  steel  and  machined  for  a 
lapped  fit  inside  each  other.  Each  cylinder  is  controlled 
by  a  stepping  motor  with  1/2  inch  of  motion  with 
increments  of  0.001  inch.  The  front  surfaces  of  the 
cylinders  were  optically  polished  at  Argotme’s  machine 
shop,  and  subsequently  a  high  reflection  coating  was 
applied  at  CVI  lab.  The  measured  reflection  at  248  nm  is 
about  65  %  for  normal  incidence. 


Figure  2  Mechanical  drawing  of  the  pulae  diaper 

The  configuration  for  die  initial  tests  of  the 


shaper  is  shown  in  Figure  3.  A  small  amount  of  the  laser 
beam  were  split  off  from  output  of  the  final  amplifier  for 
the  test  because  of  full  intensity  laser  beam  would  damage 
the  streak  camera.  The  laser  beam  paaaed  through  a 
diffuser,  and  illuminated  the  pulse  shaper.  In  order  to 
preserve  the  tuning  and  spatial  distribution  of  the  reflected 
laser  beam,  a  focusing  lens  was  used  to  image  the  pulse 
shaper  at  the  target.  For  these  tests,  the  target  was  the 
input  window  of  the  streak  camera.  The  lens  was  made  of 
CaFj  and  had  a  food  length  of  15  cm,  and  the 
arrangement  produced  a  spatial  magnification  of  1/7.  The 
data  acquired  by  the  streak  camera  were  sent  to  the  data 
acquisition  system  and  stored  in  a  computer  for  further 
analysis1. 


As  discussed  in  the  introduction,  the  near  optimal 
design  parameters  for  short  electron  beam  generation 
requires  a  circularly  shaped  laser  pulae  with  sagitta  of 
about  17  ps.  Figure  4  shows  the  reflected  image  on  the 
streak  camera  monitor  for  this  case.  The  laser  pube  width 
is  about  3  ps.  The  apparently  longer  pube  is  a  result  of 
the  slit  of  the  streak  camera  being  opened  wider  than 
normal  in  order  to  capture  all  the  image  (die  slit  width  is 
not  exactly  uniform  across  its  width  and  streak  tube 
sensitivity  also  varies  due  to  the  years  of  abuse.  This 
explains  why  intensity  of  the  data  is  not  uniform).  The 
full  scab  from  top  to  bottom  is  170  ps,  and  detailed  data 
analysis  show  the  pube  does  indeed  have  a  17  ps  sagitta. 

We  also  have  taken  the  data  for  a  circular  shaped 
laser  pube  front  with  a  30  ps  sagitta.  The  streak  camera 
image  for  this  case  is  shown  in  Figure  5. 

A  mountain  range  plot  of  the  data  in  figure  6  was 
done  to  show  die  detailed  reflected  laser  pube  shape. 

Some  other  forms  of  laser  wave  front  were  also 
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tested,  for  example,  parabolic  and  linear  etc.  All  the  data 
show  food  tgrecaacuts  with  experiments!  set  op. 


figure  4  The  sneak  camera  image  of  17  pa  sagitta  setting. 


Flgare  5  Streak  image  of  circular  shaped  30  ps  sagitta  setting 


Figure  4  Mountain  range  [dot  of  data  in  Rgure  S. 


initial  AWA  operation.  The  laser  poise  ahsper  was 
designed  and  fabricated.  Laboratory  testing  shows  that 
this  laser  pulse  shaping  method  will  satisfy  oar  present 
demands.  A  higher  reflection  coating  is  planned  to  further 
enhance  the  system’s  performance. 

This  work  is  supported  by  US  Department  of 
Energy,  High  Energy  Physics  Division  under  contract  No. 
W-31-109-ENG-38. 
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4.  Summary 


The  AWA  laser  system  has  been  installed  and 
tested.  The  results  show  that  die  system  is  ready  for 
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Atom* 

In  view  of  the  fbtnra  threw  colliders,  a  bright  photo- 
iqjector  neared  CANDELA  ia  being  constructed  at  LAL 
Orsay.  To  ilh—huir  the  photo-cathode,  a  femtosecond 
Tiaapphhe  laser  has  been  developed.  It  consists  of  an 
^ciKafor  tint  ^q]|ycd  §  cootiouoos  tnio  of  feiBfomcond 
palaes  at  a  repetition  rate  of  100  MHz.  This  train  is  then 
amplified  in  a  regenerative  amplifier  pemped  by  a  second 
harmonic  Q-swtehed  NdrYAG  laser.  The  flMas  of  the  overeB 
RIP  OX^OriSDOQt  §£  dIEO  QhCOtionod* 

L  INTRODUCTION 

Since  the  begiaaiaf  of  1990,  die  "Laboratoire  de 
MirlMnlwrl  iaMre"  (LAL)  at  Orrey.  has  started  redevelop 
a  high-brightness  photo-injector  [1,2].  The  project,  named 
CANDELA  ("CANoa  DBckmcM  pm  LAser"),  consists  of  a 
two  cavity  3  GHz  microwave  electran  nan.  Theae  cavities  are 

iBQBDGBQBHDjf  pOWKC  OK  anm  onp  m  OQ9HB6Q  ID 

the  *1— ar  omittance  growth  and  dm  second  one  is  used  to 

^  fpfaH  Tlw  of  llw  falmkriwi^  gg 

led  to  this  design  me  given  hi  reference  PJ. 

The  photocathode  is  iUrnninated  by  a  Ti:Sapphire 
ptcoaecond  laser  designed  by  the  "iMtitaUfOptiqaeThgorhpie 
et  Apphqofe”  (IOTA)  and  presented  ia  dtb  paper. 

H.  LASER  DESCRIPTION 

The  laser  system,  we  have  developed  is  based  on  the 
Utanhnn  Sapphire  crystal  which  has  been  proved  to  be  the 
best  material  to  prodnee  very  short  and  high  energy  pubes  in 
the  oeur  infrared  [4-6],  This  crystal  combines  the  advantages 
of  the  dyes  with  a  large  fluorescence  bandwidth  (700-1000 
mi)  and  those  of  the  solid  state  medium  with  a  fwtir*rin«i 
fhience  of  1  J/caa2. 

The  laser  constat  of  an  oacillaior  followed  by  an  amplifier 
as  shown  in  the  Figure  1. 

The  femtosecond  oscillator  is  a  self  mode  locked 
TcSapphire  laser  bared  an  that  originally  produced  by  Spence 
et  sL  [4]  and  producing  100  fs  at  780  nm.  In  the  linear  cavity 
the  two  curvature  mirrors  are  used  off  axis  in  order  to 
compensate  the  astigmatism  introduced  by  the  Brewster  angle 
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cat  ciyf  I,  The  pump  beam  is  focused  on  the  crystal  with  a 
curvature  minor  through  a  dicbrolc  minor. 

The  two  primes  arrangement  is  aaed  to  compensate  the 
positive  Group  Velocity  Dispersion  (GVD)  in  the  rod  and  to 
obtain  very  short  pulses.  The  mode  locking  ia  produced  by 
non  linear  effect  (Kerr  effect)  in  the  crystal  itself.  This  effect 
introduces  a  positive  lens  in  the  cavity  that  changes  the  cavity 
beam  waist  in  dm  erode  kicked  regime  compared  with  the  cw 
regime.  By  properly  aligning  the  laser,  we  are  able  to  have  a 
large  beam  in  cw  regime  that  decreases  in  she  when  dm  laser 

By  nfing  in  yitiiff.  (riit)  in 

the  cavity,  we  introduce  losses  that  are  more  important  in  the 
cw  regime.  To  start  the  laser  in  pulsed  regime,  we  mount  the 
high  reflective  plane  mirror  on  a  piezoelectric  transducer  to 
create  a  modulation  in  dm  laser  i  *«*  the  non 

linear  regime  and  so  dm  mode  locking. 

The  transducer  is  also  used  to  synchronize  dm  optical 
pubes  with  dm  RF  wave  in  dm  cavity.  The  phase  locking  of 
dm  laser  is  achieved  by  mixing  the  output  of  a  monitor 
photodiode  with  a  reference  signal  to  derive  a  phase-error 
t  Amplification,  integration,  and  level  comparison  of 
this  signal  allow  a  suitable  error  signal  to  be  supplied  to  the 
piezoelectric  tomsdacer  controlled  cavity  arirror.  The  output  of 
dm  laser  is  so  maintained  in  phase  with  dm  reference  signal 
that  also  drives  the  RF  cavities.  We  have  experimentally 
recorded  an  rms  jitter  of  2  ps  between  dm  optical  poises  and 
the  reference  signal. 

The  oscillator  produces  poises  in  dm  range  of  100  fit  to  1 
ps  at  a  100  MHz  repetition  rate  hot  with  an  energy  of  a  few 
nanojoules.  In  order  to  increase  the  pulse  energy,  we  have  to 
amplify  the  pulses  to  the  milHjoules  level.  This  amplification 
is  obtained  in  a  regenerative  amplifier  pumped  by  the  second 
harmonic  of  a  Q-switdmd  Nd-Yag  laser  working  at  10  Hz 
repetition  rate. 

The  amplifier  consists  of  two  high  reflective  mirrors,  a 
TL'Sapphire  crystal,  a  broadband  polarizer  and  a  Pockets  cell. 
A  Faraday  isolator  is  nsed  to  discriminate  dm  input  and  dm 
output  of  the  amplifier.  The  pulse  trapping  sod  damping  is 
accomplished  as  follows :  initially  dm  pockels  cell  is  oriented 
to  give  a  quarter  wave  of  static  birefringence  in  order  to 
prevent  any  lasing  effect  in  the  cavity.  One  pulse  of  the 
oscillator  is  then  trapped  in  dm  amplifier  by  applying  a 
quarter  wave  voltage  step  on  the  Pockels  cell.  The  pulse  then 
travels  into  dm  amplifier,  its  energy  increases  until  it  readies 
dm  saturation.  At  due  level,  the  poise  is  ejected  from  the 
cavity  by  applying  a  second  quarter  wave  voltage  step  on  the 
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Pockets  cell.  He  energy  of  the  output  pulse  is  typically  6 
mJ.  However,  in  order  to  avoid  bob  linear  effects  in  die 
components  of  the  amplifier  (such  as  self  focusing)  we  have 
to  decrease  the  peak  power  of  the  amplifier  pulses  by  using 
the  well-known  Chirped  Pulse  Amplification  (CPA) 

This  technique  consists  of  a  stretcher  that  temporally 
broadens  the  pulse  before  the  amplifier  sod  a  compressor  after 
the  amplification  in  order  to  return  to  the  initial  pulse 
duration.  The  stretcher  consists  of  a  single  grating  (2000 
groovea/mm  used  at  Littrow  angle)  and  a  lens  that  introduces 
a  positive  OVD.  The  stretching  (actor  is  of  the  order  of  1000 
to  5000.  At  a  few  hundred  of  ps,  the  peak  power  is  decreased 
by  the  same  amount  and  the  pulses  can  be  amplified  safely. 
The  compressor  is  based  on  a  two  parallel  gratings 
arrangement  (same  as  in  the  stretcher  also  at  Littrow  angle) 
giving  the  opposite  (negative)  GVD.  The  overall  tnmsmissioa 
of  the  compressor  is  more  than  SO  %  and  so  the  compressed 
pulse  energy  is  typically  3  mJ.  Furthermore  by  slightly 
disaligning  the  compressor  we  are  able  to  vary  the  pulse 
duration  of  the  amplified  pulses  and  so  it  will  be  possible  to 
study  the  performance  of  the  photo- injector  as  a  function  of 
die  temporal  characteristics  of  the  light  pulses. 

By  using  non  linear  effect  (second  and  third  order  harmonic 
generation)  in  BBO  crystals,  we  will  produce  ultrashort  pulses 
in  the  UV  and  so  take  advantage  of  the  better  quantum 
efficiency  of  the  pbotocathode  at  this  wavelength.  With  3  mJ 
in  the  near  infrared  (780  nm)  we  expect  to  obtain  0.3  mJ  at 
260  nm. 

The  laser  was  assembled  in  August  1992,  and  has  been 
working  since  then. 

HI.  CANDELA  STATUS  REPORT 

Some  problems  with  the  RF  power  source  (modulator, 
klystron,  RF  network  components)  did  not  allow  to  start  die 
gun  conditioning  in  the  fall  of  1992  as  scheduled.  These 
problems  are  now  solved  and  the  gun  will  be  conditioned 
starting  in  May  1993  with  the  first  photo-electrons  scheduled 
for  the  summer  1993. 

The  gun  was  baked  far  20  days  at  150°C.  After  that  the 
vacuum  measured  just  at  the  gun  exit  in  the  beam  pipe  was 
3.10*10  Torr.  This  indicates  that  die  vacuum  inside  the  cavities 
is  probably  very  near  10,0Torr. 

A  U-shape  beam  transport  line  is  being  assembled.  It  will 
support  several  diagnostics  used  to  characterize  the  beam 
properties.  These  diagnostics  will  include  Wall  Current 
Monitors  for  charge  and  position  measurements,  slit  and 
Faraday  cup  for  energy,  and  OTR  monitors  for  transverse 
profile  measurements.  Bor  these  last  measurements,  we  are 
also  trying  to  develop  a  gaz  ionization  monitor  which  has  the 
advantage  to  be  non-destructive  for  the  beam  and  the  laser. 
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Figure  1:  Schematic  of  the  Ti:Sapphire  laser  system 
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Abstract. 

The  PHERMEX  (Pulsed  High-Energy  Radiographic 
Machine  Emitting  X-rays)  standing-wave  linear  accelerator  is 
a  high-  current  electron  beam  generator  used  for  flash- 
radiography.  An  improved  election  gun  has  been  designed 
employing  a  flat-thermionic  cathode  to  replace  the  existing 
Pkrce-geometry  gun.  The  flat  cathode  yields  increased  current 
with  the  same  applied  voltage  and  cathode  area  as  the  Pierce 
gun.  The  ISIS  axle  simulations  indicate  a  beam  current  of  1 .5 
kA  at  600  kV  1  vs.  300  A  for  die  old  gun.  The  new  geometry 
also  reduces  the  probability  for  high  voltage  breakdown  in  die 
A-K  gap.  A  re-entrant  magnet  captures  die  expanding  electron 
beam  and  a  bucking  coil  mills  cathode-fringe  field.  A  third 
coil  is  used  to  optimize  the  extraction  field  profile  and  reduce 
the  effect  of  nonlinear  space  charge  on  the  beam  emittance. 
Time-resolved  measurements  of  bean  current  and  voltage 
have  been  made.  In  addition,  a  streak  camera  was  used  to 
measure  beam  emittance  and  spatial  profile.  Comparisons  of 
measurements  with  simulations  are  presented. 

I.  INTRODUCTION. 

The  PHERMEX  accelerator  at  Los  Alamos  National 
Laboratory  is  used  for  a  variety  of  flash  radiographic 
experiments.  The  electron  injector  used  a  Pierce  geometry  gun 
employing  a  b-type  thermionic  cathode  This  injector  has 
remained  relatively  unchanged,  and  has  performed  reliably  for 
over  23  years.  To  increase  die  injected  current  without 
increasing  die  probability  of  high-voltage  breakdown,  a  new 
gun  has  been  designed  with  a  planar  A-K  gap.  This  type  of 
geometry  has  been  used  successfully  on  die  REX2  injector  at 
LANL.  The  beam  is  generated  on  a  field-free  thermionic 
cathode,  extracted  with  a  system  of  three  solenoidal  magnets 
and  transported  with  an  additional  three  solenoids  to  die 
entrance  of  die  accelerator.  We  report  experiments  measuring 
current,  voltage  and  emittance.  The  experimental  data  is  also 
modeled  with  SPEED  a  2D  static  beam-trajectory  code. 


Work  performed  under  the  auspices  of  the  U.S  Department  of 
Energy. 


II.  EXPERIMENT. 

The  electron  gun  consists  of  a  3.08-cm-diam  thermionic 
cathode  with  a  7.5-cm  A-K  gap  spacing.  The  anode  hole  diam 
is  16  cm.  High  voltage  isolation  is  provided  by  2  convoluted 
A1  O3  ceramic  insulators.  A  schematic  of  the  gun  A-K  gap 
and  solenoidal  extraction  magnets  is  shown  in  Fig.  1. 


Figure.  1.  Schematic  of  gun  A-K  gap 


The  gun  mechanical  structure  and  ion  plus-cryogenic 
vacuum  pumping  system  are  the  same  for  die  existing  Pierce 
gun  4.  Vacuum  pressure  during  operation  is  approximately  Sx 
10  torr  and  cathode  temperature  is  1300  C.  Both  cathode 
field-forming  structure  and  anode  structure  are  molybdenum 
while  the  vacuum  vessel  is  water-cooled  stainless  steel.  The 
pulse  power  drive  for  die  gun  is  a  273  ft,  1 1 -stage  open-air 
cable  Marx  bank,  which  is  capable  of  producing  a  500-kV, 
200-ns  pulse  into  a  matched  load.  Multiple-stage  Marx  banks 
of  this  type  are  inherently  high  impedance  and  inductance 
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pulsers,  and  therefore  with  the  capacitance  of  die  A-K  gap, 
form  an  LRC  circuit  that  exhibits  damped  ringing. 

Voltage  was  measured  with  a  945-0  resistor  with  an  0. 1 0 
divider  in  parallel  with  the  gun.  Extracted  current  was 
measured  wife  four-way  summed  and  integrated  b-dot  sensor- 
loops.  A  Tektronix  RTD-720  digitizer  wife  a  2-ns  sample  rate 
was  used  to  record  fee  data.  Typical  voltage  and  current 
waveforms  are  shown  in  Fig.  2. 


performed  using  an  IDL  computer  code^.  The  code  displays 
fee  streak  image  and  provides  rapid  analysis  for  shot-to-shot 
comparison. 

IU.  RESULTS 

A  plot  of  extracted  current  vs  voltage  is  shown  in  Fig.3. 
Initial  calculation  of  gun  perveance  overestimated  fee 
extracted  current  (20  %).  Measurement  of  fee  A-K  geometry 


lima  (ns) 

Figure.  2.  Plot  of  current  and  voltage  waveforms 

The  beam  was  extracted  wife  a  system  of  three  air  core 
solenoidal  magnets.  The  first  solenoid  is  a  19.3-cm-diam  coil 
wife  116  turns.  The  second  is  11.4-cm  diam.  wife  26  turns. 
The  third  coil  is  22.3-cm-diam.  wife  52  turns.  All  coils  are 
quadrufiler  wound  using  0.65-cm  square  copper  wire  wife 
water  cooling  jackets.  The  third  coil  was  placed  wife  fee 
magnetic  pole  at  fee  cathode-surface  plane,  bucking  fee  first 
extraction  magnet.  Current  on  fee  bucking  coil  was  adjusted 
to  produce  a  field  ull  on  fee  cathode.  The  extraction  magnet 
was  placed  in  a  re-entrant  anode  to  capture  fee  expanding 
electron  beam  as  close  to  fee  cathode  as  mechanically 
possible.  The  second  coil  was  also  bucking  fee  extraction 
magnet.  It  tailors  fee  radial  field-profile  by  flattening  Bz  (r) 
which  reduces  spherical  aberration.  The  beam  was  then 
transported  wife  three  solenoidal  magnets  and  matched  to  fee 
entrance  of  fee  accelerator.  The  transport  magnets  contain  six 
iron  homogenizing  rings  to  reduce  magnetic  field  tilt  due  to 
random  winding  errors. 

Emittance  was  measured  by  intercepting  fee  electron  beam 
wife  a  stainless-steel  mask  containing  0.4-mm-diam  holes 
spaced  8.0  mm  apart.  The  transmitted  beamlets  drift  203  mm 
to  a  Bicron-422  scintillator  and  produce  light  proportional  to 
electron  intensity.  The  light  is  relayed  through  a  turning 
mirror  and  telescope  to  fee  streak  camera  photo-cathode  wife  a 
Thompson-CSF  large  format  streak  camera  wife  a  velocity  of 
4  ns  /  mm.  To  measure  radial  current  distribution  fee 
emittance  mask  was  replaced  by  a  mask  containing  a  0.75- 
mm  slit.  The  streaked  images  were  then  captured  by  an 
optically  coupled,  cooled,  1024x1024  pixel  back-thinned,  16 
bit  CCD  camera  and  stored  on  a  486  PC.  Analysis  was 


Figure.  3.  Extracted  current  vs.  voltage 

determined  feat  fee  cathode  was  inset  1.5-mm  from  fee  field¬ 
forming  electrode.  This  reduced  fee  electric  field  on  fee  outer 
annulus  of  the  cathode  where  a  substantial  fraction  of  fee  beam 
current  was  generated.  Subsequent  recalculation  wife  fee 
correct  geometry  matches  fee  experimental  results.  A  plot  of 
fee  calculated  radial  current  distribution  from  the  cathode  wife 
flush  and  inset  cathodes  is  shown  in  Fig.  4.  At  400  kV  the 
flush  cathode  produces  790  A  while  fee  recessed  was  690  A. 


Figure.  4  Current  density  wife  flush  and  inset  cathodes 
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A  significant  contribution  of  the  electron  beam  emittance  is 
caused  by  curvature  or  "twist "  in  phase-space.  This  twist  is 
produced  by  both  nonlinear  space-charge  and  solenoidal  over 
focusing,  and  is  compensated  by  the  introduction  of  the  second 
solenoid.  An  emittance  plot  showing  the  twist  reduction  by 
the  second  coil  is  shown  in  Fig.  5. 


X  (cm) 

Figure  5.  Phase  space  plots  showing  improvement  in  phase- 
space  curvature 

The  emittance  was  determined  by  measuring  the 
parametrically-fit  Gaussian  distributions  of  die  streaked 
beamlet  widths.  From  the  average  positions,  the  radial 
velocity  of  die  beamlets  can  be  calculated,  while  the  line 
widths  are  related  to  the  transverse  beam  temperature.  The 
emittance  is  calculated  according  to  the  relation  ® 

E==4PY  xrms  x,|rms-  0) 

The  center  beamlet  is  used  to  determine  the  effective 
cathode  temperature  by  fitting  it  to  a  Gaussian  function  and 
correcting  (deconvolving)  the  data  for  the  finite  hole  size  in 
die  mask  to  yield  the  angular  spread.  The  spread  is  then 
corrected  for  beam  compression  by  die  ratio  of  cathode  to 
beam  diam.  at  the  mask.  This  angle  when  normalized  to  die 
beam  voltage  is  the  angular  spread  at  the  cathode  surface.  The 
effective  cathode  temperature  is  given  by 

Teff  =  5 1 1  x  10*  (P  y  9ms)  2=  6.0  eV.  (2) 

The  corresponding  Lapostolle  emittance  at  die  cathode  is 

eL  "  2  x  ^cathode  *  PY0  rms  =  0  03  cm-iad  (3) 

The  radial  current  distribution  is  peaked  at  the  outer  radius 
where  space-charge  depression  on  the  cathode  is  smallest.  As 
the  beam  is  transported  through  die  remaining  three  solenoids 
die  beam  undergoes  charge  redistribution  and  flattens 
considerably.  A  plot  of  the  radial  current  distribution  at  225 
cm  is  shown  in  Fig.  6. 


Figure  6.  Beam  distribution  after  transport 
V*  475  kV,  1=860  A 


IV.  CONCLUSIONS. 

The  total  current  the  injector  produces  is  slightly  lowo* 
than  predicted  This  difference  is  attributed  to  the  inset  of  the 
cathode  from  the  cathode  field  forming  electrode  and  predicted 
by  SPEED  calculation.  A  new  mechanical  design  will  bring 
the  cathode  forward  and  flush.  The  normalized  rms  emittance 
measured  with  the  streak  camera  was  0.04  cm-rad,  which 
compares  favorably  with  die  SPEED  calculation  of  0.05  cm- 
rad.  The  effective  cathode  temperature  is  6.0  eV.  The  injector 
voltage  of  500  kV  nominal  produces  950  A.  This  corresponds 
to  a  perveance  of  2.7  pP.  To  produce  the  necessary  current 
density  the  cathode  must  be  run  at  higher  than  desired 
temperature,  which  reduces  cathode  lifetime  and  requires  the 
heater  filament  to  be  run  at  correspondingly  large  input  power. 
A  new  Spectra-Mat  311  barium  ratio  cathode  with  a 
scan  date-dopant  will  lower  cathode  operating  temperature. 
Based  on  the  experimental  results  we  expect  this  new  gun  may 
double  the  output  X-ray  dose  of  the  PHERMEX  accelerator. 
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Abstract 

The  ALS  Gun  Electronics  system  has  been  designed  to 
accommodate  the  gun  with  a  custom  made  socket  and  a  high 
speed  electronics  circuit  which  is  capable  of  producing  single 
and  multiple  electron  bunches  with  time  jitters  measured  at 
better  than  SO  PS.  Hie  system  generates  the  gated  RF  signal  at 
ground  level  before  sending  it  up  to  the  120  KV-biased  gun 
deck  via  a  fiber  optic  cable.  The  current  pulse  width  as  a 
function  of  grid  bias,  using  an  Eimac  8847 A  planar  triode 
simulating  an  electron  gun,  was  measured  to  show  the 
relationship  between  the  two  parameters. 

I.  INTRODUCTION 

The  ALS  Electron  gun[l]  is  a  grid  cathode  assembly, 
HEY-171  made  by  Varian,  Eimac  Division.  The  cathode  is  the 
dispenser  type  with  1  square  cm  area  capable  of  producing  1.S 
amp  peak  current  The  gun  socket  was  designed  and  assembled 
with  commercially  available  components  with  a  grounded  grid 
configuration.  The  grounding  of  the  grid  is  implemented  using 
eight  chip  capacitors  arranged  in  a  circular  configuration.  The 
cathode  is  driven  by  a  gated  burst  of  125  MHz  sinusoidal 
voltage  whose  amplitude  is  adjustable  to  control  the  cathode 
current  pulse  amplitude.  Best  efforts  were  made  to  match  the 
gun  socket  to  a  50  ohm  transmission  line  which  carries  the  125 
MHz  drive  signal  from  the  power  amplifier  to  the  gun  cathode. 


A  small  portion  of  this  signal  is  sent  back  out  through  a  coaxial 
cable  for  monitoring  purpose. 

Since  low  time  jitter  performance  is  required,  all 
electronic  circuits  in  the  system  utilize  Emitter  Coupled  Logic 
(ECL)  devices.  The  stmt  and  stop  timing  pulses  bom  the  ALS 
Timing  System[2]  are  also  ECL  signals.  The  125  MHz  RF  is 
derived  from  the  500  MHz  master  clock,  and  it  is  the  same 
signal  used  by  the  timing  system. 

n.  SYSTEM  OPERATION 

Figure  1  shows  a  block  diagram  of  the  gun  electronics 
system.  The  transmitter  receives  its  125  MHz  signal  bom  a 
divider  whose  500  MHz  input  signal  comes  bom  the  master 
oscillator.  The  125  MHz  signal  is  amplified,  shaped  and 
translated  into  a  ECL  level  signal.  Part  of  this  is  used  to  trigger 
a  one  shot  which  generates  a  logic  level  which  indicates  that 
RF  is  present  This  signal  is  used  to  enable  a  D  Flip  Flop 
which  serves  as  an  edge  detector  for  the  start  and  stop  pulses. 
The  pulses  generated  by  this  stage  have  a  width  of  300  ns 
which  is  longer  than  the  longest  gate  required.  Without  RF 
signal  this  stage  is  disabled  and  no  output  pulses  can  be 
generated. 


Figure  1 .  Block  diagram  of  the  ALS  gun  electronics  system.  XBL-934-533 
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The  edge  synchronized  sort  and  stop  pulses  are  used  to 
generate  a  gate  whose  width  is  determined  by  the  time  between 
the  leadfaig  edges  of  the  start  and  stop  pulses  from  the  ALS 
Timing  System.  A  coincident  circuit  which  follows  generates 
a  burst  of  123  MHz  RF  signal  with  this  gate,  ta  the  mean  time 
the  trailing  edge  of  the  300  ns  start  pulse  starts  a  950  ms  time 
out  gate  which  is  used  to  disable  the  RF  gate  generator  far  that 
duration  of  time.  When  this  gate  is  activated  via  a  jumper  on 
the  circuit  board,  there  is  a  930  ms  dead  time  after  one  burst  ttf 
gun  pulses.  This  is  used  to  safeguard  the  gun  from  being 
accidentally  pulsed  more  than  once  per  second  from  external 
sources. 

The  output  from  the  RF  gate  is  amplified  and  used  to  drive 
an  optical  transmitter  which  operates  at  the  wavelength  of 
820nm.  A  fiber  optic  cable  transmits  the  optical  signal  to  a  RF 
optical  receiver  on  the  high  voltage  deck.  The  output  from  the 
optical  receiver  is  amplified  and  filtered  before  it  is  used  to 
drive  a  23  watts  wide  band  RF  amplifier  whose  output  in  turn 
drives  the  gun  cathode.  The  grid  bias  control  for  the  gun  is  also 
optically  coupled  to  the  high  voltage  deck  and  the  bias  level 
can  be  set  and  read  back  via  fiber  optical  cable. 

An  external  RF  shut  down  control  has  been  implemented 
to  accommodate  various  operating  requirements.  The  system 
will  accept  an  external  differential  TIL  logic  level  signal  and 
shut  down  the  RF  gate  generator.  No  signal  will  be  generated 
to  drive  the  cathode  under  this  condition. 

HI.  CURRENT  PULSE  WIDTH 

An  Eimac  tube,  8847AJ4],  was  used  to  simulate  an 
electron  gun  for  the  current  pulse  width  measurement  A 
toroidal  transformer  was  used  to  monitor  the  current  pulse 
width  and  amplitude  when  various  bias  levels  were  applied  to 
the  grid  under  certain  drive  conditions.  Using  a  30V  peak,  123 
MHz  sinusoidal  drive  signal,  the  measured  transfer  functions 
of  the  current  pulse  width  and  amplitude  versus  the  grid  bias  is 
given  in  fig.  2.  The  anode  voltage  was  set  at  +400V  for  this 
measurement  at  which  point  Vg  (see  below)  was  -5V. 
Although  this  measurement  cannot  represent  the  actual  ALS 
gun  performance,  it  does  show  the  bias  can  be  used  to  lower 
the  current  pulse  width  with  a  reduction  in  pulse  current 
amplitude.  The  deviation  of  the  measured  pulse  widths  at  high 
bias  voltages  could  be  partly  due  to  measurement 
instrumentation  bandwidth  limitation. 

The  current  pulse  width  generated  by  a  sinusoidal  drive 
signal  with  a  triode  whose  grid  is  biased  beyond  cutoff  can  be 
represented  by  the  following  expression: 

Jr,  _  90  -  sin'1  (  (Vb-Vg+Vp)  /2Vp) 

180  f 

where  Tw  =  Output  current  pulse  width  at  FWHM 

-Vb  =  Grid  bias 

-Vg  =  Bias  voltage  at  which  the  triode  starts  to 
conduct  at  the  operating  electric  field 
gradient 

-Vp  =  Drive  signal  peak  voltage 

f  =  Frequency  of  drive  signal  in  Hertz 

Figure  2  also  shows  the  limitation  of  this  mode  of 
operation.  Other  limiting  parameters  in  the  supporting  system 


also  enser  the  picture  when  higher  current  pulse  amplitude  sad 
narrower  current  pulse  width  are  required.  Different  schemes 
of  generating  a  higher  amplitude  and  narrower  current  pulse 
width  may  be  necessary  if  such  requirement  should  exceed  the 
capability  of  the  present  system.  Figure  3  shows  a  typical  pulse 
train  produced  by  die  ALS  electron  gun  as  monitored  by  a 
Wall  Current  Monitor{3]. 


Figure  2.  Current  pulse  width  and  amplitude  vs  grid  bias. 


XBL  934-531 

Figure  3.  ALS  gun  pulses  as  monitored  by  the  Wall  Current 
Monitor 


IV.  CONCLUSION 

The  Gun  Electronics  System  was  developed  to  provide  the 
ALS  with  single  or  multiple  electron  bunches  with  low  time 
jitter  performance.  ECL  devices  are  used  in  all  timing  and 
logic  circuits  to  ensure  low  time  jitter  for  the  electron  bunches. 
The  time  jitter  has  been  measured  at  better  than  SO  ps  FWHM 
with  available  instruments  on  hand.  The  processing  of  nurt 
signals  on  the  ground  end  helps  reduce  the  power  requirement 
at  the  high  voltage  deck,  and  also  reduces  the  optical 
component  count  of  the  system.  The  system  has  been  operating 
for  many  months  without  any  problem.  Further  work  on 
producing  a  narrower  current  pulse  width  and  a  higher  current 
pulse  amplitude  may  be  needed  if  such  parameters  are  desired 
in  future  operations. 
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Abstract 


m.  GUN  CONSTRUCTION 


In  order  to  probe  the  Wakefields  of  the  Argonne  Wakefield 
Accelerator  (AW A)  a  beam  of  medium  energy  (4  -  6  MeV)  and 
relatively  low  charge  (100  pC  - 1  nQ  is  needed.  Two  options 
for  a  witness  gun  meeting  these  specifications  are  currently 
under  study.  The  first  is  a  conventional  iris  loaded  multicell 
gun.  The  second  is  a  dielectric-lined  cylindrical  cavity 
operating  in  a  pure  TMoin  mode.  Since  a  more  accurate 
probing  of  the  wakefields  can  be  obtained  by  improving  the 
witness  beam  quality,  this  factor  of  merit  will  determine  which 
gun  is  better  suited  for  the  experiment.  It  is  thought  that  a 
brighter  beam  may  be  obtained  using  the  dielectric  gun.  Since 
the  dielectric  gun  will  operate  in  a  single  accelerating  mode, 
higher  order  modes  will  not  be  present.  This  in  turn  may  lead 
to  a  slower  emittance  growth.  This  potential  benefit  comes  at 
the  cost  of  a  lower  cavity  Q  and  dielectric  charging 
considerations.  Details  of  design,  bench  test  and  simulation 
results  will  be  presented. 

L  INTRODUCTION 

The  AWA  group  is  considering  two  options  fa  an  electron 
gun  for  generation  of  a  witness  beam  for  use  in  the  AWA 
project  After  briefly  describing  why  we  me  considering  both 
options,  the  physical  layout  of  each  accelerating  structure  will 
be  presented.  Simulation  results  done  with  PAR  MELA  will 
then  be  presented  here  for  both  options  in  an  attempt  to 
compare  the  guns.  Bench  test  have  already  been  done  on  the 
dielectric-lined  gun  using  a  network  analyzer  and  a  relatively 
high  cavity  Q  was  found.  The  paper  will  end  with  some 
concluding  comments  about  the  future  course  for  the  AWA 
witness  gun. 


EL  MOTIVATION 

It  is  shown*1)  that  two  major  causes  of  emittance  growth 
are  due  to  space  charge  and  the  nonlinearities  present  in  the 
fields  of  an  accelerating  structure.  Fa  this  reason,  we  feel  there 
may  be  some  benefit  in  using  a  structure  operating  in  a  pure 
TMoi„  mode.  The  fields  in  the  dielectric-lined  cavity  have  be 
calculated*2)  and  are  very  nearly  linear  in  the  region  of 
acceleration.  Whereas  conventional  slow  wave  structures  using 
irises  create  large  nonlinearities  in  the  region  of  the  irises. 
However,  since  the  AWA  project  MUST  have  a  functioning 
witness  gun  for  its  experiments,  we  have  decided  to  also  design 
a  conventional  copper  cavity,  for  insurance  purposes.  The 
deign  being  studied  is  a  scaled  up  version  of  the  MARK  IV 


Copper 
Photocathode 
/ 


n 


Dielectric 
Vacuum 


(a) 


Copper 


Photocathode 


Iris 


<b) 

Fig.  1)  Schematic  views  of  both  guns,  a)  Dielectric-lined 
gun  b)  6  cell,  Mark  IV  gun 

A.  Dielectric  Gun 

For  our  initial  test  cases  we  designed  the  dielectric  gun  to 
run  in  a  TM013  mode  and  we  chose  the  dielectric  to  be  quartz. 
t  e  the  rf  power  available  has  a  frequency  of  1.3  GHz  and  we 
will  operate  at  a  phase  velocity  of  98%  the  speed  of  light,  all 
dimensions  of  the  cavity  are  fixed.  The  inner  radius  of  this  gun 
is  1  cm.  The  inner  radius  is  the  radius  of  the  region  labeled 
vacuum  in  Fig  la.  Solving  for  the  outer  radius  by  requiring 
the  particular  phase  velocity  we  obtain  a  radius  of  5.44  cm. 
The  outer  radius  is  from  the  center  of  the  vacuum  section  to 
the  copper/dielectric  boundary.  Lastly,  the  length  of  die  cavity 
is  determined  to  be  32.57  cm. 

B.  Mark  IV  Gun 

The  Mark  IV  accelerator  (an  s-band  structure)  was  the 
predecessor  to  the  two  mile  accelerator  at  SLAC.  We  chose 
this  design  for  several  reasons.  Since  we  will  be  running  off 
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the  same  modulator  used  to  drive  the  preaccelerator^.we  will 
have  limited  power  available  to  operate  the  witness  gun,  about 
4-6  MW.  Due  to  both  power  and  spatial  limitations  (not  much 
room  for  the  gun,  about  1  m)  the  gun  will  be  operated  in  a 
standing  wave  mode.  We  also  wanted  an  iris  loaded  cavity 
optimized  for  low  bunch  charge  that  would  provide  a  4-6  MeV 
beam.  With  only  minor  modifications  the  Marie  IV  gun  proved 
to  be  an  excellent  choice.  Since  the  modulator  will  operate  at 
1.3  GHz  we  needed  to  scale  the  dimensions  of  the  original 
Mark  IV  gun  up  from  s-band  to  1-band.The  dimensions  are  as 
follows,  the  length  is  46  cm,  the  radius  to  the  irises  is  2.48 
cm,  the  radius  to  the  outer  walls  is  9.05  cm,  the  gap  between 
irises  is  7.68  cm  and  the  thicknesses  of  the  irises  is  1.28  cm. 

HI.  COMPARISON  OF  GUNS 

In  1992  we  preformed  a  bench  test  to  measure  the  cavity  Q 
of  the  dielectric  lined  gun.  Using  alumina  as  the  dielectric  we 
made  the  measurements  at  room  temperature  with  a  network 
analyzer.  The  alumina  tube  was  purchased  from  Coors  and  was 
quoted  to  have  a  loss  tangent  of  lO*4.  Given  this  value  and  the 
dimensions  of  the  cavity,  we  expected  a  Q  of  about  7000.  The 
result  of  the  bench  test  however  was  a  Q  of  12,300.  We  felt 
that  this  was  due  to  the  particular  sample  we  received  from 
Coors  having  a  loss  tangent  of  0.3  *  10*4.  In  any  case,  we 
now  feel  reasonably  confident  about  being  able  to  find  high  Q 
dielectrics  for  our  gun.  For  simulation  purposes,  however,  we 
used  a  very  conservative  (low)  value  of  Q. 

Simulations  are  being  carried  out  with  a  modified  version 
of  PARMELA*4*  for  both  guns.  For  our  initial  studies  we 
have  chosen  quartz  as  our  dielectric  and  to  run  in  a  TMois 
mode  (e  =  3.87  &  Q  =  6880).With  this  low  value  of  Q  the 
dielectric  gun  is  power  consumptive,  needing  about  13  MW  to 
produce  a  5.2  MeV  bunch  energy.  However,  the  other  figures 
of  merit,  emittance,  energy  spread  and  bunch  length  show  the 
beam  to  be  of  high  quality  (see  table  1). 

For  the  Mark  IV  gun  we  have  chosen  to  use  a  6  cell, 
standing  wave  gun  operating  in  a  2n/3  mode  (see  fig  lb).  This 
gun  gives  acceptable  beam  quality  at  low  power.  For  4  MW  of 
power  the  emerging  beam  has  an  energy  of  3.4  MeV  and 
sufficient  beam  quality  (see  table  1). 

For  comparison  purposes  a  list  of  output  parameters  is 
given  in  table  1.  A  bunch  charge  of  100  pC  is  being  run 
through  each  gun.  Both  beams  have  an  initial  phase  launch 
angle  of  70°  and  the  size  of  the  laser  pulse  on  the 
photocathode  is  2  mm  in  the  dielectric  gun  and  1  mm  in  the 
Mark  IV  gun. _ 


Dielectric 

Mark  IV 

Energy 

5.20  MeV 

5.42  MeV 

Emittance 

1.01  mm*mrad 

1.86  mm*mrad 

Energy  soread 

0.69% 

3.28% 

Bunch  length 

1.8  ds 

3.57  ds 

Table  1)  Comparison  of  the  dielectric  and  Mark  IV  guns 
done  with  PAR  MELA. 


Although  the  modified  PARMELA  code  fully  calculates 
space  charge  effects,  it  does  not  take  wake  fields  into  account. 
The  primary  effect  of  the  wakefields  are  to  increase  the  energy 
spread  of  the  bunch.  We  have  estimated  the  energy  spread  due 
to  wakefields  in  both  guns  analytically.  The  energy  spread 
calculated  by  PARMELA  and  due  to  the  wakefields  are  given 
in  table  2. 


Dielectric 

Mark  IV 

Wakefields 

1.1% 

0.2% 

PARMELA 

0.69% 

3.28% 

Total 

1.79% 

3.48% 

Table  2)  Energy  spread  due  to  wakefields  and  PARMELA. 


IV.  THE  FUTURE 

For  the  purposes  of  the  AWA  experiment  we  will  probably 
have  to  use  the  Mark  IV  gun  since  the  dielectric  gun  is  too 
power  consumptive.  This  does  not  rule  it  out  altogether 
though.  It  still  may  be  useful  to  someone  looking  at 
generation  of  a  high  quality  beam  of  medium  energy  in  a  small 
space.  As  long  as  power  is  not  your  main  limitation,  the 
dielectric  gun  may  prove  to  be  a  viable  option.  Since  there  are 
so  many  parameters  that  can  be  adjusted  for  the  dielectric  gun. 
We  fully  expect  the  beam  parameters  to  improve  further. 
Simulations  on  the  dielectric  gun  will  continue.  The 
immediate  plan  is  to  first  build  the  Mark  IV  gun  so  we  have  a 
working  witness  gun  for  the  AWA  project.  We  will  then  build 
and  run  the  dielectric  gun  both  at  low  power  (4-6  MW)  and  at 
high  power  (15  MW)  for  further  investigation  into  the 
feasibility  of  a  dielectric  lined  electron  gun. 

IV.  REFERENCES 

1. Kwang-Je  Kim,  Nuc.  Inst.and  Meth.  in  Phys.  Research 
(1989)  pg.  201-218,  ‘if  and  space  charge  effects  in  laser-driven 
rf  election  guns’ 

2.  J.  Power,  Argonne  HEP  Division,  Wakefield  Note 
(1993) 

3.  M.  Rosing  et.  al.  ,  Argonne  Wakefield  Accelerator 
Update  ‘92,  Proc.  1992  Linear  Accelerator  Conf. 
(Ottawa.Ontario,  Canada)  Vol.  1,  pg.  79 

4.  C.  H.  Ho,  Ph.d.Thesis,  UCLA  (1992) 


3062 


PARAMETRIC  STUDIES  WITH  PARMELA  TO  IMPROVE 

SIX?  PERFORMANCE* 

TA.  Jones.  AJD.  Ywcmta.  RJL  hGBer 


Stated  University 
Stated,  CA 94309 


Abstract 

The  PARMELA  particle  dynamics  code  has  been  used  at 
SLAC  to  starime  the  SLC  elector  boa  the  electron  fan 

inintMii  OW  |Um  ICOCICuW  UPC  HOP.  tM  RRSfllO  Of  H1)0CKj> 

components  was  act  and  toned  bared  on  the  rimulaikia  resuks. 
Ftamettic  tadiee  with  BARMBLA  were  conducted  in  which 
injector  ccmbpmmbcIr  h^qiq  vviod  Id  rh  iocvooioiitRX  fittiuoii  (0 
study  tketr  effects  011  bcuo  puuudCH  sucb  us  tBSPSisdssioii  of 
ament,  capture  of  the  ckajo  in  20s  of  S-Band,  required  Cor 
satisfactory  y  and  omittance.  91b  diacnas  fh^  results  of 
oar  Aw—itint  jnH  its  application  to  optimizing  the  pcrfbr- 
nance  of  the  iqjector. 

I.  Introduction 

The  SLC  Injector  is  designed  to  deliver  two  bunches  of 
electrons  to  a  damping  ring  wfaooe  energy  is  nominally 
1.2  GeV.  These  bunches  must  be  61  ns  apart,  with  greater  than 
6x  1010  electrons  in  20  ps  per  bunch,  at  a  repetition  rate  of  up 
to  120  Hz,  with  less  than  2%  intensity  jitterfl]-  We  try  to 
reduce  the  intensity  jhter  due  to  individual  components  to  less 
than  02%.  In  an  effort  to  fulfill  theae  conditions,  the 


RhBMBLA  simulation  hns  been  used  to  study  the  stability  and 
nptimiiation  of  various  parameters  in  dm  injector,  asoat 
recently  the  amplitude  of  ta  S-Band  (2856  MHz)  bencher. 

n.  The  Injector 

The  Injector;  Pig.  1,  consists  of  two  electron  gns,  each  at 
a  38  degree  angle  from  te  accelerator  centerline,  a  switching 
magnet  to  allow  operation  of  either  gun,  a  bunching  section 
consisting  of  two  subhannonic  benchers  at  17tL5  MBs,  a  4  cell 
S-band  (2856  MHz)  buncher,  and  a  3  m  traveling  wave  S-band 
accelerating  section  winch  contributes  to  bunching  as  well  at 
accelerating  the  beam  to  40  MeV.  The  power  into  the  S-Bsnd 
buncher  is  obtained  from  the  Klystron  to  the  first  accelerator 
section  through  a  7  dB  couplet:  There  are  a  high  power  attenu¬ 
ator  and  a  phase  ririfter  to  adjust  the  amptitude  and  phase  of  the 
S-Band  Nwi**  RF  independently  of  the  section. 

The  iqjector  compresses  the  beam  from  26  ns  at  the  gun  to  km 
than  20  ps  at  40  MeV.  Beyond  the  gap  intensity  monitor  at 
40  MeV,  there  is  a  series  of  accekrating  sections  which  further 
accelerate  the  beam  to  12  GeV  [2] 
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SLC  Injector  beam  fine  up  to  the  fast  current  monitor  at  40  MeV. 
Figure  1.  SLC  injector  beamline  op  to  the  current  monitor  at  40  MeV. 
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IEL  The  Simulations 


0.S6 


A.  Simulation  Procedure 

IARMELA, a  3D  my  trace  cods  with  a  2D  apace  charge 
model,  was  usd  to  simulate  the  beamUne  P]  and  the  beam 
paraoicSBraatifaeguB  werecaicnlalryl  widiEOiaiW.Theinag- 
qf^f  fleid  profile  due  to  i"*fwt  optics  was  calculated  using 
POISSON  JSJ.  Itada  of  these  codes  show  good  conespoo* 
deace  to  past  experiments  [6]. 

Using  our  rimulalioQ  tools  we  opthniaed  the  bunching  sad 
the  magnet  optics  to  maximtoe  electron  capture  into  20°  of 
S-Band  starting  with  a  got  pulse  of  12.4x10*°  e-  in  a  3.2  ns 
FW,  23  as  FWHM  truncated  Gaussian  distribution. 

Using  PARMELA,  the  S-Band  buncher  amplitude  was 
varied  in  an  incremental  M1*1*1.  with  all  other  electric  field 
parameters  optimized  held  The  ctwretponPug 

effects  on  capture,  transmission  of  total  current,  and  emittance 
»frtrd  at  ihr  lorntinw  rrtm^fpntirfing  m  th«»  intensity  moni¬ 
tor  at  40  MeV,  where  the  beam  is  well  bunched  and  relativistic. 

B.  Simulation  Results 

The  damping  ring  acceptance  is  <,  ±1%  energy  spread.  For 
this  study,  we  capture  to  fry-hndc-  only  those  particles 
falling  within  a  final  bunch  length  of  20°  of  S-Band,  resulting 
in  an  energy  spread  of  about  ±0.75%. 

Bfe  plotted  the  fraction  of  electrons  captured  in 
20°  S-Band  as  a  function  of  S-Band  buncher  amplitude.  As 
shown  in  Fig.  2,  die  resulting  graph  has  an  almost  parabolic 
aUimiigh  |  fourth  order  was  used  in 

order  to  closely  fit  die  points  around  the  peak.  The  peak  lies  si 
an  amplitude  of  6  MVfai. 

Figure  3  shows  the  percent  intensity  change  per  percent 
amplitude  change  as  a  function  of  amplitude  far  charge  cap¬ 
tured  within  20*  of  S-Band,  and  shows  the  sharp  rise  in  jitter 
that  occurs  as  we  move  away  from  the  optimum  amplitude. 

The  amplitude  jitter  of  die  S-Band  buncher  is  0.4%, 
mostly  due  to  multipnctor  in  the  high  power  phase  shifter.  Vfe 
are  particularly  concerned  with  how  this  amplitude  jitter 
affects  the  intensity  jitter  as  a  function  of  S-Band  buncher 
amplitude.  That  is,  if  the  S-Band  buncher  is  set  at  some  nomi¬ 
nal  amplitude  around  which  it  is  allowed  to  vary  by  0.4%,  by 
how  much  does  the  intensity  vary? 

Using  Ifeylor  series  expansion  and  tbe  fourth  order  poly- 
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S-Band  Bunehur  AmpRtuda  (MV/m) 
Figure  2.  Capture  vs.  S-Band  buncher  amplitude. 
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Figure  3.  Percent  intensity  change  per  percent 
amplitude  change  vs.  S-Band  bunefaet 


Figure  4.  Tbtal  charge  vs.  S-Band  buncher  amplitude. 


normal  fitted  to  the  capture  vs.  S-Band  buncher  amplitude  of  IS  MV/m,  which  is  much  higher  than  the  amplitude  for  opti- 
corve,  we  calculate  that  for  0.4%  amplitude  jitter,  the  captured  mum  bunching.  This  graph,  together  with  die  capture  vs. 
electron  intensity  jitter  is  essentially  zero  at  die  optimum  amplitude  graph,  demonstrates  that  tuning  for  optimum  bunch- 
amplitude  setting  of  6  MV/m.  At  33  MVAn,  where  the  ampli-  fag  will  actually  mean  less  total  transmission  from  the  gun  to 
tadc  was  set,  before  the  PARMELA  simulations  of  the  injector  the  40  MeV  point.  This  is  because  the  gun  pulse  width  at  3.2  ns 
were  conducted,  the  calculated  captaed  electron  intensity  jitter  FW  is  too  long  for  100%  capture  by  the  1783  MHz  subhm- 
is  03%.  mooic  buncher  system. 

We  also  plotted  total  charge  as  a  function  of  S-band  X  and  Y  normalized  emittances  for  RMS  and  for  90%  of 


handier  amplitude  (Pig.  4).  Total  charge  is  of  interest  since  it  is  transmitted  particles  were  plotted  (Figs.  5, 6, 7,  and  8).  These 
easily  observed  on  the  toroids,  and  is  often  used  as  a  diagnostic  graphs  show  that  the  emittance  rises  as  the  S-Band  buncher 
in  actual  machine  tuning.  Total  charge  has  a  parabolic  dqpen-  amplitude  is  increased,  leveling  off  somewhere  mound 
dence  on  amplitude  and  peaks  somewhere  anxmd  an  amplitude  15  MV/m. 
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Figure  5.  RMS  X  normalized  emitunce  vs.  S-Band 


Figure  6.  RMS  Y  normalized  emittance  vs.  S-Band 
buncher  amplitude 


Figure  7.  90%  X  normalized  emittance  vs.  S-Band 


IV.  Summary  of  Results 


Figure  8.  90%  Y  normalized  emittance  vs.  S-Band 
buncher  amplitude. 


V.  References 


The  nominal  gradient  in  the  S-Band  buncher  for  the  SLC 
injector  before  modeling  with  PARMELA  was  3 5  MV/m.  On 
the  basis  of  PARMELA-derived  results,  we  have  been  running 
with  a  gradient  of  about  6  MV/m.  This  has  improved  bunching 
and  allowed  for  larger  S-Band  buncher  RF  amplitude 
jitter  tolerances. 

Machine  studies  designed  specifically  to  support  or  refute 
these  results  have  not  been  performed.  However,  we  do  have 
history  plots  of  the  S-Band  buncher  RF  amplitude  which  show 
that  during  the  period  in  which  the  S-Band  buncher  was  set  to 
3.5  MV/m,  it  was  necessaryto  have  amplitude  jitter  tolerances 
of  0.03%  to  minimize  intensity  jitter  in  .He  captured  charge. 
Recently,  with  the  buncher  set  to  6  MV/m,  S-Band  amplitude 
jitter  reached  as  high  as  0.6%  with  no  noticeable  ill  effect  on 
the  intensity  jitter.  This  difference  of  greater  than  an  order  of 
magnitude  seems  to  support  the  model  results. 
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Abstract 

Electron  beams  produced  by  the  superemissive  cathode  of 
a  back-lighted  thyratron  (BLT)  or  pseudospark  are  reported. 
The  cathode  is  highly  emissive,  or  superemissive  during 
conduction,  producing  a  current  density  of  >10*  A/cm2  over  an 
area  of -1  cm2.  During  conduction,  electrons  produced  by  the 
cathode  are  accelerated  through  the  anode  central  hole,  forming 
a  beam  that  can  be  extracted.  An  electron  beam  of  120  A  has 
been  observed  with  an  efficiency  of  10%.  The  beam  current 
increase  with  increasing  applied  voltages  and  decreasing  gas 
pressure.  A  pulse  forming  network  can  transfer  energy  to  an 
electron  beam  with  a  duration  of  the  discharge  pulse.  The 
superemissive  beam  has  energy  of  >400  eV  corresponding  to 
the  cathode  sheath  voltage.  Beam  extraction  into  a  low 
pressure  area  (<7  mTorr)  was  achieved  by  a  differential 
pumping  scheme  with  a  guiding  magnetic  field.  A  flat-top 
spatial  profile  of  the  beam  current  distribution  is  obtained  after 
the  beam  propagation  through  a  narrow  dielectric  tube. 

I.  INTRODUCTION 

The  back-lighted  thyratron  (BLT)  or  pseudospark  structure 
have  been  studied  for  producing  pulsed  electron  beams  and 
proposed  as  a  potentially  high-quality  beam  source  for  high 
power  applications.  Pseudospark-produced  electron  beams 
during  and  briefly  before  voltage  breakdown  have  been 
reported,  and  is  related  to  the  hollow  cathode  (HC) 
discharge.!  1-4]  Electron  beams  generated  by  the  back-lighted 
thyratron  (BLT)  during  the  conduction  phase,  which  is  related 
to  the  superemissive  cathode  (SEC)  discharge,  also  have  been 
reported.[5-7]  The  SEC  in  the  BLT  is  self-heated,  very  robust, 
and  produces  extremely  high,  uniform  current[8-10]  In  the 
low  pressure  glow  discharge  mode,  typical  of  the  BLT  and  the 
pseudospark,  high  current  density  on  the  order  of  10  kA/cm2 
over  an  area  of  1  cm2  have  been  observed.  New  evidence  and 
theory  show  that  vacuum  arc  type  discharges  also  present  on 
the  cathode  surface  near  die  center  hole  during  the  SEC 
conduction  phase.!  1 1 }  During  the  conduction  of  the  BLT,  the 
voltage  across  the  gap  is  dropping  down  to  the  order  of  a 
hundred  volts.  Most  of  the  voltage  drop  is  across  the  cathode 
fall  region  which  forms  a  thin  layer  of  few  micron  on  the 
cathode  surface.  The  electrons  generated  by  the  superemissive 
cathode  are  accelerated  across  the  cathode  fall  region  and  inject 
into  the  bulk  plasma.  The  formation  and  extraction  of  the 
SEC  electron  beam  was  simulated  and  predicted  by  Bauer  and 
Gundersen.!  12, 13]  In  this  report,  we  present  further  data 
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related  to  characteristics  of  the  SEC  beam,  the  influence  of 
operation  parameters,  extraction  of  the  SBC  beam  into  low 
pressure  area,  and  the  effect  of  dielectric  tube. 

H.  EXPERIMENTS  AND  RESULTS 

The  experimental  setup  for  the  SEC  beam  diagnotic  is  the 
same  as  in  reference.[5]  Figure  1  shows  typical  discharge 
currents  and  beam  currents  produced  by  the  BLT  with  an 
external  capacitor  for  energy  transfer.  The  beam  current 
extended  well  into  the  falling  portion  of  the  discharge  current 
indicating  a  SEC  beam,  as  distinct  from  a  HC  beam.  These 
electrons  are  injected  from  the  cathode  fall  region  of  the  BLT 
during  the  high-current  conduction  phase.  The  beam  current 
terminates  shortly  after  the  maximum  of  the  discharge  current, 
which  is  a  result  of  fast  voltage  decay  across  the  BLT  duijng 
conduction.  Experiments  also  show  that  the  beam  current 
increases  with  applied  voltage  (Figure  1)  and  with  decreasing 
gas  pressure  within  the  operation  range  of  60  to  20  mTorr 
argon  gas.  This  suggests  that  the  voltage  holdoff  capability  of 
the  BLT,  thus  the  SEC-produced  beam  current,  can  be  scaled 
by  a  multiple-gap  structure.I14] 


time  (x  10'7  sec) 

FIG.  1  The  discharge  currents  (positive)  and  the  beam 
currents  (negative)  at  30  mTorr  argon,  applied  voltages  of  (a) 

10  kV,  (b)  13  kV,  and  (c)  20  kV,  using  a  40  nF  charging 
capacitor  and  a  5  ohm  load  resistor. 

The  beam  characteristics  has  been  studied  with  several 
different  pulse  forming  network  (PFN)  as  energy  transfer  unit. 
Figure  2  shows  typical  beam  pulses  and  the  discharge  current 
at  different  gas  pressures.  The  beam  has  about  the  same 
duration  as  the  discharge  current.  The  magnitude  of  beam 
pulse  also  increases  with  increasing  applied  voltage  and  with 
decreasing  gas  pressure  as  shown  in  Figure  2.  A  voltage 
measurement  shows  a  significant  amount  of  voltage  (~  few 
hundred  volts)  is  maintained  and  not  decaying  across  the  BLT 
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during  current  discharge.  Measurements  indicate  that  the 
voltage  across  BLT  increases  with  increasing  applied  voltage. 

Another  setup  with  crossed  glass  drift  tube,  which  provide 
a  portion  of  drift  region  with  wider  cross  section,  is 
constructed  to  look  at  the  Larmor  radii  of  beam  electrons  at 
different  applied  voltage.  The  magnet  is  placed  right  below 
the  crossed  region  of  the  glass  drift  tube.  Results  show  that 
the  Larmor  radius  of  the  SEC  beam  increases  with  increasing 
applied  votage,  indicating  the  energy  of  the  SEC  beam,  just 
like  the  energy  of  the  HC  beam,  increases  with  applied 
voltage.  The  data  shows  the  Larmor  radius  of  the  SEC 
electrons  is  0.85  cm  at  applied  voltage  of  20  kV.  Knowing 
the  magnetic  field  at  tube  center  (~  80  Gauss),  the  estimated 
energy  of  the  SEC  beam  is  420  eV.  At  applied  voltage  of  13 
kV  the  SEC  beam  energy  is  170  eV. 


voltage  and  argon  pressures  of  (a)  50,  (b)  40,  and  (c)  30 
mTorr,  using  a  PFN  of  750  ns  pulse  for  energy  transfer. 

The  behavior  of  the  SEC  electron  beam  in  the  low 
pressure  (<  10  mTorr)  area  is  studied  by  a  differential  pumping 
scheme.  The  gas  is  fed  in  from  the  BLT  cathode  side  and 
pumped  out  from  the  diagnostic  region.  The  differential 
pumping  effect  results  from  the  central  holes  of  electrodes  and 
anode  back  wall.  A  longitudinal  magnetic  field  is  generated 
for  focusing  the  electron  beam.  Figure  3  shows  the  increase  of 


FIG.  3  The  discharge  current  (pos.jve)  and  beam  currents 
(negative)  at  15  kV  applied  voltage  and  6  mTorr  argon 
pressure  in  the  diagnostic  region  when  the  magnetic  field 
increases  from  0  to  400  Gauss. 

beam  current  with  increase  of  magnetic  field  at  argon  pressure 
of  7  mTorr  in  the  diagnostic  region.  An  electron  beam  of 


>120  A  is  extracted  into  low  pressure  area  by  this  simple 
setup.  An  electron  beam  transporting  through  a  dielectric  tube 
results  in  beam  collimaiion  and  focusing.  This  is  mainly  due 
to  the  impinging  of  the  electron  beam  front  on  the  tube  walls, 
resulting  in  surface  breakdown  and  positive  ion  ejection, 
compensating  the  space  charge  of  beam  electrons. [IS- 17)  In 
this  case,  the  tube  diameter  should  not  significantly  exceed 
that  of  the  beam  exiting  the  anode,  since  the  charge 
compensation  effect  is  drastically  reduced.  The  SEC  beam  has 
been  guided  through  a  glass  tube  of  12  cm  in  length  and  1  cm 
in  diameter  right  behind  the  anode  back  wall.  The  spatial 
profile  of  the  BLT  electron  beam  was  measured  18  cm  away 
from  the  anode  back  wall  with  and  without  the  glass  tube 
(Figure  4).  Based  on  the  data,  it  is  evident  that  the  beam  is 
effectively  collimated  when  using  the  small  diameter  dielectric 
tube.  At  18  cm  downstream,  the  central  area  of  -1  cm2  of  the 
collimated  electron  beam  is  very  uniform,  with  a  current 
density  exceeding  60  A/cm2. 


(b) 

FIG.  4  The  spatial  and  temporal  profile  of  the  BLT  produced 
elect om  beam  (a)  without  and  (b)  with  the  glass  tube. 

in.  CONCLUSION 

An  SEC  electron  beam  produced  by  the  BLT  with  a 
capacitive  energy  storage  is  terminated  shortly  after  the 
maximum  of  discharge  current  and  is  a  result  of  fast  decay  of 
voltage  across  the  BLT.  With  a  PFN  as  the  energy  storage, 
the  BLT  maintains  a  significant  amount  of  voltage  during  the 
whole  discharge  pulse  and  generates  a  beam  pulse  of  equal 
duration.  The  energy,  current,  and  duration  of  the  SEC 
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electron  beam  can  be  modified  through  the  control  of  external 
circuit  elements  and  operation  parameters.  The  spatial 
uniformity  of  the  SEC  beam  is  improved  by  the  guiding  of  a 
dielectric  tube.  The  fact  that  the  SEC  electron  beam  has 
extremely  high  current  density  and  can  be  modified  by 
adjusting  several  different  operation  parameters  makes  the  BLT 
an  attractive  candidate  as  a  high  power  electron  beam  source 
for  many  applications,  including  accelerators  and  laser 
ionization. 

IV.  REFERENCES 

[1]  W.  Benker,  J.  Christiansen,  K.  Frank,  H.  Gundel,  W. 
Hartmann,  T.  Redel,  and  M.  Stetter,  "Generation  of 
intense  pulsed  electron  beams  by  the  pseudospark 
discharge,"  IEEE  Tran.  Plasma  Sci.,  17  (S),  754  (1989). 

[2]  E.  Boggasch,  T.  A.  Fine  and  M.  J.  Rhee,  "Measurement 
of  Pseudospark  Produced  Electron  Beam,”  Bull.  Amer. 
Phys.  Soc.,  33,  1951  (1988). 

[3]  P.  Choi,  H.  H.  Chuaqui,  M.  Favre,  E.  S.  Wyndham, 
"An  Observation  of  Energetic  Electron  Beams  in  Low 
Pressure  Linear  Discharges,"  IEEE  Trans.  Plas.  Sci.  PS- 
15,  428  (1987). 

[4]  H.  Pak  and  M.  Kushner,  "Multi-beam-bulk  model  for 
election  transport  during  communication  in  an  optically 
triggered  pseudospark  thyratron,”  Appl.  Phys.  Lett.,  57, 
1619(1990). 

[5]  T-Y  Hsu,  R-L  Liou,  G.  Kirkman-Amemiya,  and  M.  A. 
Gundersen,"  Electron  beam  generation  from  a 
superemissive  cathode,"  Proceedings  of  the  1991  Particle 
Accelerator  Conference,  1990(1991). 

[6]  T-Y  Hsu,  R-L  Liou,  G.  Kirkman-Amemiya,  and  M.  A. 
Gundersen,  "Electron  beams  produced  by  the 
superemissive  cathode,"  Proceedings  of  the  Eighth  IEEE 
International  Pulsed  Power  Conference,  567  (1991). 

[7]  T-Y  Hsu,  and  M.  A.  Gundersen,  "A  high-power  electron 
beam  source  based  on  the  superemissive  cathode,”  Appl. 
Phys.  Lett.,  61  (21),  2515  (1992). 


[8]  W.  Hartmann  and  M.  Gundersen,  "Origin  of  anomalous 
emission  in  superdense  glow  discharge,"  Phys.  Rev. 
Lett.,  60,  2371  (1988). 

[9]  W.  Hartmann,  V.  Dominic,  G.F.  Kirkman,  and  M.A. 
Gundersen,  "Evidence  for  large  area  super-emission  into  a 
high  current  glow  discharge,"  App.  Phys.  Lett.  53  (18), 
1699  (1988). 

[10]  W.  Hartmann,  V.  Dominic,  G.  Kirkman,  and  M.A. 
Gundersen,  "An  analysis  of  the  anomalous  high  current 
cathode  emission  in  pseudo-spark  and  BLT  switches,"  J. 
Appl.  Phys.,  65  (11),  4388  (1989). 

[11]  A.  Anders,  S.  Anders,  and  M.  A.  Gundersen,  "Model  for 
explosive  electron  emission  in  a  pseudospark  superdense 
glow,"  submitted  to  Phys.  Rev.  Lett. 

[12]  H.  Bauer  and  M.  A.  Gundersen,  "Penetration  and 
equilibration  of  injected  electrons  into  a  high-current 
hydrogen  pseudospark-type  plasma,"  J.  Appl.  Phys.,  68 
(2),  512  (1990). 

[13]  H.  Bauer  and  M.  A.  Gundersen,  "High  current  plasma 
based  electron  source,”  Appl.  Phys.  Lett.,  57  (5), 434 
(1990). 

[14]  T-Y  Hsu,  G.  Kirkman-Amemiya,  and  M.  A.  Gundersen, 
"Multiple-gap  back-lighted  thyratrons  for  high  power 
applications,"  IEEE  Trans.  Elec.  Devices,  38  (4),  717 
(1991). 

[15]  R.  G.  Little,  R.  Lowell,  and  J.  R.  Uglum,  "Cavity 
current  enhancement  by  dielectrics",  IF.F.F.  Trans.  Nuc. 
Sci.  NS-21,  249  (1974). 

[16]  R.  G.  Little,  J.  R.  Uglum,  and  R.  A.  Lowell,  "Cavity 
IEMP  enhancement  by  dielectric  walls”,  IEEE  Trans. 
Nuc.  Sci.  NS-22,  2351  (1975). 

[17]  B.  A.  Koval,  and  G.  E.  Ozur,  "Transport  of  a 
nonrelativistic  high-current  electron  beam  in  a  vacuum 
dielectric  channel  in  a  external  magnetic  field”,  Sov. 
Phys.  Tech.  Phys.  31,  726  (1986). 


3068 


Theoretical  and  Experimental  Study  of  Pseudospark  Electron  Beam  Generation* 


L.  Pitchford  and  J.  P.  Boeuf 
University  Paul  Sabatier,  France 

V.  Puech 

University  Dc  Paris-Sud,  France 

R.  Liou  and  M.  Gundersen 
University  of  Southern  California,  USA 


Abstract 

Pseudospark  hollow  cathode  discharges  (HCD)  are  sources 
of  intense  electron  beams.  Reported  in  this  paper  are 
theoretical  and  experimental  studies  of  the  HCD  processes  and 
the  related  electron  beam  production.  The  purpose  of  the  work 
is  to  develop  a  predictive  model  to  guide  the  development  of 
this  high  brightness  electron  beam.  According  to  the  model, 
the  initial,  rapid  current  rise  is  associated  with  the  formation 
of  a  plasma  and  its  expansion  in  the  hollow  cathode  region 
(HCR).  The  space  charge  distortion  of  the  applied  field  just  as 
the  plasma  begins  to  fill  the  HCR  is  such  that  electron 
multiplication  is  maximum  at  this  point  in  time,  and  there  is 
a  consequent  rapid  increase  in  the  charged  particle  densities. 
The  electron  beam  observed  experimentally  during  the  current 
rise  is  predicted  by  the  model.  Electrons  created  in  the  HCR 
are  largely  confined  by  the  high  field  sheaths  until  they  lose 
most  of  their  total  energy  in  collisions.  These  low  energy 
electrons  are  trapped  in  the  low  field  region  on  axis  behind  the 
cathode  hole  through  which  they  diffuse  into  the  cathode-anode 
gap,  and  then  are  accelerated  in  the  remaining  potential  within 
the  gap.  These  electrons  comprise  the  observed  electron  beam. 
The  model  indicates  that  the  beam  is  a  direct  consequence  of 
HCD  and  is  therefore  produced  by  a  plasma  cathode.  The 
difficulty  in  modeling  an  actual  electron  emitting  metal  surface 
can  therefore  be  overcome.  Experimental  results  of  a  hydrogen 
HCD  electron  beam  are  also  presented.  The  pulse-length  is 
usually  10's  of  nsecs,  peak  beam  current  of  170  A,  efficiency 
of  21%  was  measured  at  -20  kV  applied  voltage.  The 
experimental  results  and  model  predictions  are  in  good 
qualitative  agreement,  and  demonstrate  the  potential  for 
developing  a  first  principles  predictive  model  for  electron  beam 
current,  emittance  and  brightness. 

L  INTRODUCTION 

Pseudosparks  are  transient  gas  discharges  which  occur  in  a 
special  hollow  cathode  geometry  and  can  produce  electron 
beams  of  very  high  brightness  (>1010  A/m2rad2).[l-3]  Two 
electron  beam  components  can  be  observed  in  a  pseudospark 
discharge.  The  first  one  is  produced  immediately  following 
the  breakdown  event  (which  is  usually  triggered),  and  is 
typically  a  beam  with  energy  comparable  to  the  voltage 
switched,  and  peak  current  of  -  10-1000  A.  The  width  of  this 
component  in  time  and  its  spread  in  energy  depend  on  the 
evolution  of  the  plasma  produced  in  the  discharge,  or  more 
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precisely,  the  evolution  of  the  potential  distribution  in  the 
gap.  Measurements  of  the  properties  of  this  component  of  the 
electron  beam  provide  not  only  data  needed  for  its  eventual 
optimization  in  terms  of  current  and  brightness,  but  also 
provide  a  stringent  test  of  the  prediction  of  numerical  model  of 
pseudospark  discharges. 

A  second  component  of  the  pseudospark  electron  beam  is 
related  to  the  operation  of  super-emissive  cathode  mode.[4,5] 
An  electron  beam  with  current »  200  A,  duration  on  the  order 
of  )tsecs,  energy  of  several  hundred  eV  has  been 
experimentally  observed.[6] 

Our  focus  to  date  is  to  develop  a  predictive  model  to  guide 
the  development  of  high  energy,  high  brightness  electron 
beams  generated  in  the  initiation  phase  of  the  pseudospark 
discharge.  In  this  paper  we  present  a  semi-qualitative 
description  of  this  component  of  the  electron  beam  and  show 
comparison  between  model  prediction  and  measurements. 

II.  THEORETICAL  MODEL 

An  essential  phenomena  during  the  initiation  phase  of 
pseudospark  discharge  is  the  development  of  space  charge.  At 
this  moment  the  plasma  is  collisional  even  though  the 
electron  mean  free  path  can  be  on  the  order  of  the  discharge 
dimension.  The  collisions  between  electrons  and  neutrals  will 
dominate  and  the  coulomb  collisions  between  charged  particles 
can  be  neglected.  The  energy  distribution  of  electrons  is 
therefore  more  energetic  than  that  of  ions.  The  result  is  a  non- 
Max  wellian  electron  energy  distribution.  For  this  reason  the 
model  must  be  able  to  take  into  account  the  non-equilibrium 
charged  particle  transport  and  electric  field  distribution  in  a 
self-consistent  manner. 

A  two  dimensional,  self-consistent  model  of  the  electrical 
properties  of  transient  HCD  which  is  used  to  describe  the 
initial  phases  of  a  pseudospark  discharge  has  been  developed. 
The  model  consists  of  Poisson  equation  for  the  electrical  field 
coupled  to  a  fluid  description  of  die  electron  and  ion  transport, 
with  the  important  feature  that  the  ionization  source  term  in 
the  electron  and  ion  fluid  equations  is  determined  through  a 
Monte  Carlo  simulation.  The  fluid  equations  determine  the 
time  and  space  dependence  of  the  charged-particle  densities. 
The  space  charge  and  self-consistent  field  from  Poisson 
equation  yield  the  particle  currents.  With  the  knowledge  of 
electron  current  density  distribution  leaving  the  cathode  and  the 
electrical  field  distribution  within  the  cathode-anode  gap,  the 
Monte  Carlo  simulation  determines  the  ionization  source  term 
which,  in  turn,  is  input  to  the  fluid  equations.  This  model  is 
referred  as  a  hybrid  fluid-particle  model.[7] 

Figure  1  shows  a  snap  shot  of  both  the  equipotential 
contours  and  the  electron  density  contours  for  a  0.6  Ton- 
helium  at  a  constant  applied  voltage  of  2  kV.  The  contours 
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were  taken  at  50.4  nsec  after  the  application  of  voltage.  In 
this  particular  calculation,  the  geometry  is  symmetrical  (with 
a  hollow  cathode  and  a  hollow  anode).  The  electrode  thickness 
and  cathode-anode  separation  is  2.5  mm  and  4.5  mm.  Both 
electrode  central  holes  are  5  mm  in  diameter.  The  HCR  has  a 
dimension  of  3  cm  in  diameter  and  0.7  cm  in  length.  A 
trigger  pulse  is  assumed  to  produce  a  uniform  initial  charged 
particle  density  in  the  HCR  at  the  time  when  the  voltage  is 
applied  (t=0).  The  electrical  Held  at  t=0  is  almost  uniform  in 
the  gap,  with  a  small  distortion  in  the  region  of  the  holes.  As 
the  initial  electrons  are  pulled  out  of  the  cathode  and  towards 
the  anode,  they  produce  ionization  in  the  gas.  The  secondary 
electrons  are  accelerated  towards  the  anode,  leaving  behind  a 
growing  ion  space  charge  field.  If  the  trigger  pulse  is  of 
sufficient  amplitude,  a  plasma  will  form  in  the  gap  and  distort 
the  geometrical  field.  This  will  in  term  increase  the  potential 
in  the  HCR  as  shown  in  Figure  1-a.  The  space  charge 
distortion  of  the  applied  field  just  as  the  plasma  begins  to  fill 
the  HCR  is  such  that  the  electron  multiplication  is  a 
maximum  at  this  point  in  time,  and  there  is  a  rapid  increase  in 
the  charged  particle  densities.  The  result  is  shown  in 
Figure  1-b  where  a  high  electron  density  core  (on  the  order  of 
1013  cm'3)  can  be  observed.  During  this  time  a  large 
displacement  current  spike  has  also  been  observed  due  to  the 
increase  in  the  field  corresponding  to  this  space  charge. 


(a)  Equipotential  contours  (b)  Electron  density  contours 
FIG.  I  Snap  shot  of  equipotential  contours  and  the  electron 
density  contours  in  a  0.6  Torr  helium  gas  with  2  kV 
applied  voltage.  The  pictures  were  taken  at  50.4  nsec 
after  the  application  of  voltage. 

In  general,  with  the  application  of  a  high  enough  voltage 
the  plasma  will  begin  to  form  first  in  between  the  cathode- 
anode  gap  or  close  to  the  cathode  hole.  The  plasma  expands 
from  this  point  of  formation  towards  the  cathode.  The 
potential  which  existed  at  the  position  where  the  plasma  is 
first  formed  is  pushed  into  the  HCR  as  the  plasma  expands. 
Electrons  created  in  the  HCR  are  largely  confined  to  oscillate 
between  the  high  field  sheaths  until  they  lose  most  of  their 
total  energy  in  collisions.  These  low  energy  electrons  are 
trapped  in  the  low  field  region  on  axis  behind  the  cathode  hole 
through  which  they  diffuse  into  the  gap  and  then  are  accelerate 
in  the  remaining  potential  within  the  gap.  These  electrons 
comprise  the  observed  electron  beam.  From  simulation  an 
electron  beam  with  current  density  ®  20  A/cm2  and  peak 
energy  of  700  eV  was  observed  at  30.8  nsec  after  the  trigger 
with  an  applied  voltage  of  2  kV. 


ID.  EXPERIMENTAL  RESULTS 


Figure  2  shows  the  experimental  setup.  The  HCR  was 
made  of  copper  with  a  cylindrical  structure,  a  cathode  on  one 
end  and  a  quartz  window  on  the  other.  The  HCR  has  a 
dimension  of  3.5  cm  in  diameter  and  2.5  cm  in  length.  The 
electrode  central  hole  size  and  the  thickness  of  insulators  were 
both  3  mm.  The  discharge  was  initiated  with  a  UV  flash 
lamp  at  the  back  of  cathode  near  the  central  hole  through  a 
quartz  window.  Cathode  current  was  monitored  through  a 
5  mft  current  viewing  resistor  (CVR)  and  the  cathode  voltage 
through  a  Tektronix  P  6015  high  voltage  probe.  The  electron 
beam  was  generated  with  an  RC  discharge  circuit  (22  Cl, 
16  nF).  The  electron  beam  current  was  measured  with  a  fast 
Rogowski  coil  (£  1  nsec)  at  ®  1  cm  behind  the  anode  hole.  A 
fast  Faraday  cup  (<  2  nsec)  is  also  available.  Permanent 
magnets  were  used  only  for  beam  energy  measurements. 


Quartz  window 
Discharge  axis 
HCR 


Rogowski  coil 

To  vacuum  and 
gas  system 

Permanent  magnets 
(Energy  measurement) 

■  Faraday  cup 

FIG.  2  The  experimental  setup  for  electron  beam  measurement. 
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The  drift  tube  is  a  41  mm  Pyrex  glass  tube.  Two  copper 
screen  cylinders  were  used  to  cover  both  sides  of  the  glass 
tube.  The  inner  copper  screen  was  to  provide  the  plasma 
electrons  return  path  and  was  directly  connected  to  the 
grounded  anode.  The  outer  screen  provides  the  beam  current 
return  path  to  the  anode  and  can  be  detached  from  the  anode 
when  necessary. 

Figure  3  shows  the  typical  discharge  current  and  the 
electron  beam  current  with  -20  kV  applied  voltage  with 
80  mTorr  H2.  The  peak  of  the  discharge  current  is  <*  800  A 
and  the  electron  beam  *»  170  A  which  gives  a  beam  current  to 
discharge  current  ratio  of  21%.  The  pulse  length  is  =  50  nsec. 
The  pulse  length  is  associated  with  the  plasma  formation 
processes  within  the  cathode-anode  gap  and  not  readily 
controllable  with  external  circuitry.  The  discharge  current  has 
a  slower  rise  at  the  beginning  of  the  pulse  which  corresponds 
to  the  build-up  phase  of  the  transient  HCD.  After  this 
moment  the  discharge  current  increases  over-exponentially  as  a 
result  of  fast  increase  of  charge  multiplication  inside  the  HCR. 
The  electron  beam  current  has  a  similar  behavior  and  the  peak 
is  coincided  with  the  peak  of  discharge  current. 
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Time  (nsec) 

FIG.  3  The  discharge  current  and  the  beam  current  at  1  cm 
behind  anode  .  The  turn-off  of  beam  current  is 
associated  with  the  decrease  of  cathode  voltage. 


Beam  current  dependence  on  gas  pressure  was  also  studied. 
A  dramatic  increase  was  observed  when  operated  at  lower  gas 
pressure.  The  beam  current  increases  by  a  factor  of  4  with  a 
pressure  reduction  of  only  »  40%  (from  140  mTorr  to 
80  mTorr).  The  beam  current  was  also  found  to  increase  with 
increasing  applied  voltages.  The  beam  current  increases  from 
10  A  to  45  A  when  the  voltage  is  varied  from  -14  kV  to 
-20  kV  in  a  13S  mTorr  H2.  These  results  suggest  that  when 
operated  at  a  -40  kV  voltage  and  50  mTorr  hydrogen,  an 
electron  beam  with  current  of  kA  is  feasible. 


FIG.  4  Electron  beam  energy  measurement  with  high-pass 
filtering  method. 


The  electron  beam  energy  was  estimated  with  a  high-pass 
filtering  technique.  The  technique  utilizes  the  VxB  deflection 
that  beam  electrons  experience  when  traversing  a  transverse 
magnetic  field.  Only  those  electrons  with  high  enough 
energies  can  survive  the  deflection  and  still  be  collected  by  the 
Faraday  cup.  With  different  strength  of  the  magnetic  field 
different  electron  energy  can  be  estimated.  The  spatial 
distribution  of  the  magnetic  field  was  measured  and  used  as  the 
prescribed  field  for  a  single  electron  trajectory  computer 
simulation  with  electron  energy  as  input  parameter.  With  a 
16  nF  and  500  Cl  capacitor  discharge  at  -10  kV  in  400  mTorr 
He  gas  the  peak  beam  current  is  =»  32  A  at  2  cm  behind  anode. 
With  increasing  transverse  magnetic  the  beam  current  is 
observed  to  decrease  accordingly.  The  electron  beam  decreases 
both  in  beam  current  and  pulse  length.  The  latter  portion  of 
the  beam  current  is  observed  to  diminish  first  and  the 
vanishing  point  represent  electron  beam  with  minimum 
energy  set  by  the  magnetic  field.  Figure  4  shows  the 


experimental  results.  The  minimum  beam  energy  is  found  to 
be  1.2  keV  £  El  S  2.7  keV  for  one  pair  of  the  permanent 
magnets  and  4.2  keV  S  E2  5  7.7  keV  for  two  pairs  of 
magnets.  The  source  of  error  comes  from  the  possible 
uncertainty  of  the  precise  position  of  Faraday  cup  in  the 
transverse  direction  («*  T  I  mm).  The  upper  curve  of  Figure  4 

is  the  cathode  voltage.  On  the  same  curve  the  minimum 
energy  from  trajectory  simulation  was  plotted  at  the  time 
where  electron  beam  corresponding  to  different  magnetic  field 
vanished.  The  results  indicate  that  the  electron  beam  has 
energy  close  to  and  below  the  cathode  voltage  as  predicted 
from  the  theoretic  model. 

The  propagation  of  this  electron  beam  in  an  80  mTorr  H2 
was  studied  with  radiachromic  films  at  various  locations 
behind  anode.  The  method  is  time-integrated  in  nature  and  a 

beam  divergence  half  angle  »  5.  0°  is  measured.  Emittancecan 
also  be  estimated  with  the  assumption  that  the  beam  waist  is 
at  the  anode  position.[8]  At  170  A  and  instantaneous  energy 
of  10  keV  a  normalized  emittance  of  25  mm-mrad  is  found  and 
a  normalized  brightness  of  2.7X1010  AAn2rad2  is  calculated. 

IV.  CONCLUSION 

In  conclusion  a  theoretical  model  for  the  initiation  phase 
of  the  pseudospark  discharge  has  been  developed.  The  results 
of  the  simulation  correlate  with  the  experimental  observations. 
The  evolution  of  the  discharge  and  the  observed  electron  beam 
are  found  to  be  in  good  qualitative  agreement.  The  model  is 
important  because  the  election  beam  generated  from  HCD  is 
basically  from  a  plasma  cathode.  The  emission  can  therefore 
be  modeled  with  microscopic  details  which  are  usually  difficult 
to  obtain  when  associated  with  a  metal  cathode.  In  principle 
the  model  can  be  developed  to  predict  beam  parameters 
including  emittance  and  brightness  based  on  a  microscopic 
description  of  collisional,  dissociative  and  ionizational 
processes.  The  future  work  will  include  the  theoretical  study 
of  beam  emittance,  dependence  on  circuits,  applied  voltage, 
gas  pressure,  and  gas  species. 
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Abstract 

A  variable  pulse-length  electron  beam  source  capable  of 
100's  psec  pulse  to  DC  operation  is  reported.  Long-pulse 
electron  beam  generation  was  based  on  the  steady-state 
hollow  cathode  discharge  mode  of  operation  of  the  back¬ 
lighted  thyratron  and  achieved  by  modification  of  circuit 
parameters  that  control  the  discharge.  Three  different 
discharge  circuits  were  used  in  the  experiment.  An  RC  circuit 
(16  nF,  1  kft  at  -20  kV)  was  used  to  generate  an  electron  beam 
with  duration  «  100  psec.  The  energy  of  the  beam  is 
associated  with  the  cathode  voltage  and  a  current  density  » 
10  A/cm2  was  measured.  To  further  increase  the  pulse-length 
a  discharge  circuit  with  100  pF  and  500  ft  was  used.  The 
pulse-length  was  extended  to  50  msec  FWHM.  The  third 
circuit  was  a  pulse  forming  network  which  generated  an  non¬ 
decaying  amplitude  electron  beam  with  a  duration  of 
200  msec  FWHM.  DC  operation  has  also  been  achieved.  The 
results  demonstrate  the  feasibility  of  controlling  the  electron 
beam  pulse-length  with  modifications  of  external  circuitry. 
The  device  is  simple,  robust,  and  compatible  with  a  plasma 
environment.  Applications  include  electron  beam  ionized 
lasers,  electron  beam  ion  trap,  electron  beam  assisted  atomic 
layer  epitaxy  and  plasma-filled  microwave  generators. 

INTRODUCTION 

Plasma  compatible  electron  beam  sources  are  of  interest 
in  current  research  areas  that  include  plasma-filled  microwave 
generation,  electron  beam  ionized  lasers  and  a  long  duration 
electron  beam  is  also  essential  for  electron  beam  ion  trap 
(EBIT)  experiments.!  1-6]  Electron  beam  generation  is  usually 
achieved  through  using  thermionic  cathodes,  field  emitters  or 
photocathodes.  The  plasma  cathodes  are  of  particular  interest 
in  the  generation  of  long  pulse  electron  beam.  In  a  glow 
discharge,  electrons  can  be  generated  by  ion  bombardment 
and  then  accelerated  through  the  cathode  fall. [7, 8]  This 
feature  makes  glow  discharge  a  promising  candidate  for 
applications  mentioned  above. 

Recently  the  back-lighted  thyratron  (BLT)  and 
pseudospark  have  been  developed  for  high  current  pulsed 
power  switching  applications.  [9]  The  BLT  and  pseudospark 
have  several  modes  of  operation,  including  a  mode  that  is 
essentially  a  hollow  cathode  discharge  (HCD).[10]  This  is 
achieved  with  electrodes  that  are  parallel  discs,  each  with  a 
circular  central  hole  and  separated  by  insulators.  With  the 
application  of  sufficiently  high  voltage,  a  very  low  current 
(typically  <  Hf6  A)  Townsend  discharge  develops  on  axis  due 
to  the  focusing  effect  of  the  electric  field.  A  positive  space 
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charge  builds  up  inside  the  hollow  cathode  region  (HCR)  as  a 
result  of  low  mobility  of  the  ions  produced  by  electron-neutral 
collisions.  The  release  of  a  sufficient  number  of  starting 
electrons  inside  the  hollow  cathode  initiates  a  transient  HCD. 
The  short-pulse  (-10-100  nsec)  electron  beam  generation 
during  this  transient  HCD  has  also  been  subjected  to  some 
extensive  studies.!  11-14]  In  the  process  towards  a  high 
discharge  current  operation,  the  increasing  plasma  density 
eventually  shields  the  electric  field  from  the  HCR.  The 
discharge  current  will  then  be  taken  over  by  the  cathode 
surface  at  the  aperture,  the  HCD  ceases  and  the  super- 
emissive  process  becomes  dominant.  [15- 17]  In  this  work  the 
BLT  was  running  under  a  HCD  condition  (low  current)  and 
not  the  super-emissive  condition.  The  low  current  condition 
prevents  the  BLT  from  entering  into  the  super-emissive  mode 
of  operation  and  a  steady-state  HCD  is  achieved. 

II.  RESULTS  AND  DISCUSSION 

A.  Experimental  Setup 

Figure  1  shows  the  experimental  setup.  A  single-gap 
BLT  was  directly  built  on  a  standard  2-3/4"  conflate  flange 
and  mounted  on  a  15  cm  diameter  vacuum  chamber.  The 
HCR  is  a  copper  cylinder,  with  a  cathode  on  one  end  and  a 
quartz  window  on  the  other.  The  HCR  is  3  cm  in  both  the 
diameter  and  length.  The  cathode  central  hole  size  and 
cathode-anode  gap  are  3  mm  and  5  mm.  The  cathode-anode 
gap  spacing  is  maintained  with  a  44-mm  glasi  ilator. 

UV 


FIG.  1  Experimental  setup.  The  chamber  is  evacuated  with  a 
Varian  80  liters/ sec  turbo  pump.  Beam  current  was 
measured  with  a  Faraday  cup. 


The  discharge  (and  therefore  the  electron  beam  emission) 
is  initiated  with  UV  light  illuminated  on  the  cathode  back 
surface  through  the  quartz  window.  During  the  experiment  a 
working  gas  will  flow  into  the  cathode  back  space  and  be 
evacuated  through  the  cathode  hole.  The  cathode-anode  gap 
is  evacuated  with  a  Varian  SD-200  mechanical  pump  and  the 
chamber  a  V-80  Turbo  pump.  Pressure  in  the  chamber  was 
monitored  with  a  cold  cathode  gauge.  Time-resolved  beam 
current  was  measured  with  a  Faraday  cup  which  could  be 
moved  along  the  discharge  axis.  The  Faraday  cup  has  a 
resistance  of  0.25  ft  and  a  rise  time  <  2  nsec.  The  area  of 
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Faraday  cup  is  «  1.25  cm2.  The  electron  beam  is  seif- 
extracted  with  no  extraction  voltage  nor  axial  guiding 
magnetic  field  (except  for  the  DC  operation).  Cathode  voltage 
is  monitored  with  Tektronix  P6015  high  voltage  probe. 
Various  discharge  circuits  have  been  used  to  generate  electron 
beam  with  different  pulse-length. 

B.  100  nsec  pulse-length  Electron  Beam  Generation 

An  RC  circuit  (16  nF,  1  k£2)  operated  at  -20  kV  was  used 
to  generate  the  electron  beam  with  pulse-length  of  100  |isec. 
The  1  k £2  resistor  was  chosen  as  a  ballast  resistor  to  limit  the 
discharge  current  so  that  a  prolonged  HCD  can  be  sustained. 


Time  (Msec) 

FIG.  2  The  cathode  voltage.  BLT  cathode-anode  impedance,  and 
the  beam  current  at  2  cm  behind  anode  for  a  100  Msec 
pulse  electron  beam  generation  with  both  the  transient  and 
steady-state  phases  shown. 

The  top  trace  of  Figure  2  shows  the  BLT  cathode  voltage. 
The  discharge  voltage  drops  from  the  initial  -20  kV  to  -2  kV 
in  about  170  nsec;  roughly  equals  to  the  duration  of  the 
transient  electron  beam.  The  discharge  voltage  then  decays 
with  a  time  constant  of  =>  12  Msec.  The  BLT  impedance  was 
determined  from  the  ratio  of  discharge  voltage  to  discharge 
current.  This  varies  from  a  blocking  state  (order  of  M£2)  to 
about  200  £2  during  the  voltage  transient.  Since  the  BLT  is 
maintained  in  a  low  discharge  current  operation  the 
impedance  is  much  higher  than  what  was  usually  found  in  a 
typical  high  current  operation  (order  of  10  m£2.).  On  the  same 
time  axis  also  shown  is  the  electron  beam  current  measured  at 
2  cm  behind  anode.  A  correlation  between  the  discharge 
voltage  and  the  electron  beam  currents  is  clearly  seen.  The 
transient  electron  beam  had  a  wide  energy  variation,  from  an 


initial  20  keV  down  to  2  keV.  The  long-pulse  electron  beam 
on  the  other  hand  had  a  much  slower  energy  variation  in  time. 
The  measurements  indicate  a  two-phase  operation.  The 
transient  phase  of  electron  beam  has  a  peak  current  =  2.5  A 
and  duration  -  130  nsec  FWHM.  The  steady  state  phase  of 
the  electron  beam  has  shape  and  duration  follow  the  discharge 
current.  The  discharge  current  is  highly  overdamped  with 
peak  current »  16  A  and  duration  *>  100  Msec-  The  long-pulse 
electron  beam  has  a  duration  of  »  100  Msec  and  current  of 
several  hundred  mA.  The  minimum  current  density  is 
estimated  to  be  =  '0  A/cm2  with  the  beam  area  assumed  to  be 
anode  aperture.  The  ratio  of  electron  beam  to  discharge 
current  is  «  4%  at  the  peak  of  discharge  current. 

C.  100  msec  Electron  Beam  Generation  with  RC  Discharge 

An  RC  circuit  with  100  pF  capacitor  and  500  £2  resistor 
was  chosen  to  extend  the  pulse-length.  Figure  3  shows  the 
electron  beam  current,  discharge  current  and  the  cathode 
voltage  when  operated  at  -2  kV  (capacitor  rating  -  2.5  kV). 


FIG.  3  Electron  beam  generated  with  a  low-voltage  RC 
discharge  circuit  (100  pF,  300  £2).  Beam  current  was 
measured  at  S  cm  behind  anode. 


The  discharge  current  is  overdamped  with  a  peak  current 
of  «  3  A.  With  «  800  mTorr  H2  in  HCR  and  =  8  mTorr  inside 
the  chamber  the  self-extracted  electron  beam  has  peak  current 
of  75  mA  and  FWHM  pulse-length  of  50  msec.  The  beam 
current  to  discharge  current  ratio  is  =  2.5%.  The  cathode 
voltage  drops  from  an  initial  applied  voltage  of  -2  kV  to  = 
-400  V  and  remains  at  that  value  for  the  rest  of  the  discharge. 
This  behavior  is  similar  to  the  familiar  "normal  glow 
discharge"  between  two  planar  electrodes  where  the  discharge 
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voltage  is  found  to  be  constant  with  a  wide  range  of  discharge 
cunent[18] 

Visual  observation  of  cathode-anode  gap  through  the 
glass  insulator  indicates  that  discharge  near  the  cathode  side  is 
confined  within  a  radius  about  the  size  of  the  cathode  hole. 
This  fact  confirms  that  electron  emission  comes  solely  from 
the  HCR  as  expected.  In  this  case  the  cathode  hole  acts  like 
an  electron  beam  focusing  lens  which  brings  the  broad-area 
election  beam  from  HCR  to  a  much  smaller  dimension  with  a 
compression  ratio  more  than  400.  The  present  geometry 
presents  a  simple  device  which,  together  with  a  proper 
magnetic  guiding  field,  can  produce  electron  beam  density  on 
the  order  of  100  A/cm2. 

D.  tOO  msec  Electron  Beam  Generation  with  PFN  Discharge 

A  pulse  forming  network  consisted  of  four  100-pF 
capacitors  and  two  S-H  inductors  was  used  to  generate 
electron  beam  with  FWHM  2  200  msec  with  an  applied 
voltage  of  -2.5  kV.  A  beam  current  of  70  mA  was  measured 
at  2  cm  behind  anode  with  a  2-A  discharge  current  The  self¬ 
extraction  efficiency  was  »  3.5%.  The  beam  energy  is 
confirmed  with  a  retarding  field  measurement  to  be  £  400  eV 
as  indicated  from  the  cathode  voltage  measurement.  Beam 
currents  measured  with  Faraday  cup  at  various  positions 

indicate  a  beam  divergence  half-angle  of  *>  13°. 

A  DC  operation  has  also  been  achieved.  An  axial 
magnetic  field  of  «  200  Gauss  was  used  to  guide  the  low- 
energy  electron  beam.  At  2  cm  behind  anode  the  efficiency  is 
£  90%.  The  beam  energy  spectrum  was  measured  at  18  cm 
behind  anode.  The  majority  of  the  electrons  have  energy  £ 
40  eV.  Since  electrons  with  energies  more  than  a  few  eV  play 
an  important  role  in  electron-enhanced  chemical  reactions  on 
surfaces,  it  is  of  interest  to  apply  this  BLT  DC  electron  beam 
in  an  electron  beam  assisted  atomic  layer  epitaxy  experiment 
(EBALE)  to  locally  assist  the  growing  processes.!  19] 

CONCLUSION 

In  conclusion,  we  have  demonstrated  the  generation  of  a 
long  pulse  electron  beam  (from  100  nsec  to  DC)  from  a 
simple  device.  The  self-extracted  beam  current  density  is  on 
the  order  of  10  A/cm2.  The  results  indicate  that  the  electron 
beam  pulse  length  can  be  controlled  through  the  modification 
of  the  external  circuit,  i.e.  the  discharge  current  pulse.  Future 
work  will  seek  to  increase  the  beam  current  through  proper 
differential  pumping,  magnetic  guiding,  and  extraction 
structure.  The  device  is  simple,  robust  and  compatible  with  a 
plasma  environment.  Possible  applications  include  electron 
bean  ionized  lasers,  plasma-based  microwave  generation 
where  a  plasma  compatible  electron  beam  source  may  be 
preferred,  EBIT  and  EBALE. 
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Abstract 

We  have  developed  a  1-D  model  to  study  the  im¬ 
portance  of  some  of  the  basic  physical  processes  in¬ 
volved  in  a  low  pressure  discharge.  Our  results  show 
that  during  the  early  stage  of  the  discharge,  the  emit¬ 
ted  electron  current  comes  mainly  from  the  secondary 
emission  off  the  cathode.  Meanwhile,  a  quasi-neutral 
plasma  column  is  being  formed  in  the  gap  via  ion¬ 
ization.  The  growing  plasma  oscillations  are  excited 
by  the  fast  electrons  from  the  cathode  as  they  pass 
through  the  plasma  due  to  the  two-stream  instabil¬ 
ity.  The  oscillation  heats  the  background  electrons 
to  energies  above  the  ionization  threshold  and  ulti¬ 
mately  leads  to  a  rapid  increase  in  both  the  plasma 
density  and  electron  current  at  the  anode.  To  our 
knowledge  previous  pseudospark  models  have  not  in¬ 
cluded  ionization  of  the  ambient  gas  due  to  the  heated 
background  charged  particles  within  the  dense  quasi¬ 
neutral  plasma  region.  Under  this  1-D  model,  the  dis¬ 
charge  approximately  satisfies  a  Paschen’s  Law  in  the 
low  pressure  regime. 

I.  INTRODUCTION 

There  has  been  an  increasing  interest  in  pseudospark 
devices  [1-5].  One  of  the  potential  applications  of  this 
kind  of  a  device  is  as  a  high  current,  high  brightness 
electron  beam  source.  At  the  University  of  Maryland 
a  series  of  experiments  were  performed  to  determine 
some  of  the  properties  of  such  a  pseudospark  discharge. 
It  was  found  that  electron  beams  of  current  on  the 
order  of  1  kA/cm2  and  brightness  as  high  as  lO10 
A/m2rad2  can  be  produced  from  a  low  pressure  dis¬ 
charge  in  a  hollow  cathode  geometry  [4,5]. 

Besides  experiments,  progress  has  also  been  made 
in  theoretical  studies  of  pseudospark  discharges  [6-8], 
although  no  existing  theory  is  comprehensive.  A  re¬ 
cent  model,  based  on  the  experimental  observation 
that  a  melted  area  was  found  on  the  cathode  surface, 
proposed  that  the  high  current  originates  from  electric- 
field-enhanced  thermionic  emission  from  the  cathode 
[9].  However,  in  order  to  melt  the  cathode  surface,  an 
ion  flux  of  the  order  of  109  W/cm2  is  required  over  a 


10  nsec  period  [10].  Such  a  flux  is  equivalent  to  100 
A/cm2  if  the  applied  voltage  is  10  kV.  Also,  in  or¬ 
der  for  the  electric-field-enhanced  thermionic  emission 
to  emit  the  measured  current,  the  electric  field  at  the 
cathode  surface  has  to  be  above  106  V/cm.  The  mech¬ 
anism  which  brings  the  discharge  to  reach  the  required 
high  current  flux  and  electric  field  is  still  unclear. 

The  present  study  is  aimed  at  determining  the 
most  important  basic  physical  processes  involved  in 
the  pseudospark  discharge.  While  the  hollow  cathode 
has  a  2-D  structure,  we  believe  that  the  basic  physics 
involved  should  not  be  sensitive  to  the  actual  geom¬ 
etry.  Thus  a  rather  simple  1-D  model  is  used.  The 
description  and  the  results  of  the  study  are  given  in 
the  following  two  sections. 

II.  NUMERICAL  MODEL 


The  numerical  model  is  a  1-D  particle-in-cell  (PIC) 
model,  which  simulates  an  infinite  parallel  plate  sys¬ 
tem  with  a  background  helium  gas  maintained  at  pres¬ 
sure  p.  A  constant  negative  voltage  —Vo  is  applied  on 
the  cathode  which  is  located  at  z  =  0,  and  the  an¬ 
ode  located  at  z  =  d  is  grounded.  An  initial  uniform 
plasma  of  108/cm3  is  present  between  the  plates.  The 
motion  of  the  charged  particles  is  non-relativistic  and 
is  governed  by  the  equation  of  motion 


d2z 

dt2 


(1) 


where  z  is  the  location  of  the  particle,  q  and  m  are 
the  charge  and  mass  of  the  particle,  respectively,  E(z) 
is  the  electric  field  at  z.  The  electric  field  E(z)  = 
-dV/dz  is  obtained  by  solving  the  Poisson  equation 


d2V(z) 

dz2 


-p(z)/(o 


(2) 


with  boundary  conditions  V(z  =  0)  =  —Vo,  V(z  = 
d)  =  0,  and  where  p  is  the  net  charge  density. 

Because  pseudosparks  usually  operate  at  low  gas 
pressure  and  high  voltage,  we  only  take  into  account 
ionizing  collisions.  The  ionization  cross-sections  for 
electrons  and  ions  in  He  are  obtained  from  Ref.  [11]. 
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When  an  ionization  occurs,  the  incident  particle’s  en¬ 
ergy  is  reduced.  In  addition,  when  ions  hit  the  cath¬ 
ode,  secondary  electrons  are  emitted.  The  secondary 
emission  coefficient  is  dependent  on  the  ion  energy  and 
is  obtained  from  Ref.  [12],  assuming  that  the  cathode 
is  made  of  Mo.  When  a  new  particle  is  created,  we 
assume  that  it  has  no  initial  kinetic  energy. 

III.  SIMULATION  RESULTS 

The  1-D  PIC  code  is  used  in  a  series  of  simula¬ 
tions  of  high  voltage,  low  pressure  discharges.  Figure 
1  shows  a  typical  plot  of  electron  current  collected  at 
the  anode  versus  time.  The  total  current  is  composed 
of  contributions  resulting  from  ion-neutral  ionizations, 
electron-neutral  ionizations,  and  secondary  emissions. 
In  Fig.  1,  a  rapid  increase  in  the  total  current  occurs 
at  about  108  nsec  after  the  onset  of  the  —20  kV  volt¬ 
age.  The  simulation  was  stopped  when  the  current 
reached  ~  1  kA/cm2  where  the  number  of  particles 
in  the  system  becomes  computationally  prohibitively 
large.  It  is  also  observed  that  during  the  early  stage 
of  the  discharge,  the  current  mainly  is  a  result  of  the 
secondary  emission.  But  just  before  the  sudden  in¬ 
crease  in  the  total  current,  the  contribution  from  the 
electron- neutral  ionizations  becomes  dominant.  This 
new  observation  can  be  explained  as  follows. 

Figures  2(a)  and  2(b)  show  the  potential  and  the 
charged  particle  densities  in  the  gap  at  t  =  105.8  nsec. 
By  this  time,  a  quasi-neutral  plasma  column  has  formed 
in  the  gap.  The  plasma  density  in  this  case  is  of  the 
order  of  2  x  1013/cm3.  When  the  high  energy  electrons 
emitted  from  the  cathode  pass  through  this  plasma,  it 
can  excite  a  plasma  oscillation  due  to  the  two-stream 
instability.  The  growing  plasma  oscillation  is  clearly 
shown  in  Fig.  3,  where  the  electric  field  at  z  —  0.85 
cm  from  the  cathode  is  plotted  as  a  function  of  time. 
Note  that  the  oscillation  frequency  /  ~  3.3  X  1010  Hz 
matches  well  with  the  electron  plasma  frequency,  tak¬ 
ing  ne  =  2  x  1013/cm3.  The  plasma  oscillation  heats 
the  background  electrons.  Figure  4  is  a  plot  of  the  elec¬ 
tron  energy  distribution  at  t  =  105.8  nsec.  It  shows 
that  at  this  time,  a  large  portion  of  the  plasma  elec¬ 
trons  have  been  heated  to  above  the  threshold  energy 
of  24.6  eV.  The  electron  ionization  cross-section  in¬ 
creases  rapidly  when  the  electron  energy  is  above  the 
ionization  threshold  and  reaches  a  maximum  at  about 
100  eV.  When  a  significant  amount  of  electrons  are 
heated  to  above  the  threshold,  ionizations  due  to  these 
hot  electrons  will  also  rapidly  increase  and  further  in¬ 
crease  the  electric  field  associated  with  the  plasma  os¬ 


cillation.  This  in  turn  leads  to  a  rapid  increase  in  the 
electron  current. 

In  addition  to  the  above  typical  case  where  “break¬ 
down”  occurs,  we  have  also  performed  parametric  stud¬ 
ies  of  the  pseudospark  discharge  with  this  1-D  model. 
We  looked  for  a  critical  voltage  where  the  typical  break¬ 
down  behavior  is  observed  for  a  given  gap  length  d  and 
gas  pressure  p  and  plotted  the  results  in  Fig.  5.  We  see 
that  our  simple  1-D  model  obeys  Paschen’s  Law  fairly 
well,  namely  that  the  critical  voltage  for  breakdown 
is  a  function  of  the  product  of  the  gap  length  d  and 
gas  pressure  p.  More  studies  need  to  be  done  on  this 
subject  to  quantify  the  dependence  on  d  and  p. 

*  This  work  is  supported  by  U.S.D.O.E. 
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Figure  1 :  Total  electron  current  density  at  the  an¬ 
ode  and  its  components  versus  time.  The  system 
parameters  are  p  =  2  torr,  V0  =  20  kV,  d  =  1  cm 
and  an  initial  plasma  density  of  5xl07/cm3. 
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Figure  2:  Electric  potential  (a),  and  charged  parti¬ 
cle  densities  (b)  versus  position  at  t  =  105.8  nsec. 
The  t  =  0  potential  profile  is  shown  for  reference. 
Same  system  parameters  as  in  Fig.  1 . 
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Figure  3:  The  electric  field  at  c  =  0.85  cm  versus 
time.  Note  the  growing  plasma  oscillation.  Same 
system  parameters  as  in  Fig.  1. 


Figure  4:  The  electron  energy  distribution  at  t  = 
105.8  nsec.  Same  system  parameters  as  in  Fig.  1. 


Figure  5:  Breakdown  Voltage  as  a  function  of  gas 
pressure  times  gap  length  for  gap  lengths  from  1 
to  4  cm. 
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Abstract 

We  report  experimental  measurements  of  a  high 
brightness  election  beam  produced  by  a  ferroelectric  cathode. 
The  experiments  were  carried  out  with  a  cathode  of  area 
3.7  cm^;  Up  t0  36A  of  current  (10  A/cm^)  were  obtained  at  a 
voltage  of  22.5  kV.  The  emission  of  the  electron  current  was 
carried  out  with  a  IX!  voltage  held  between  the  cathode  and 
ground  anode.  Emission  was  gated  by  a  1-2  kV,  pulse  applied 
across  the  sample  by  a  solid  state  or  krytton  switch.  The  beam 
emittance  was  measured  with  a  mask,  phosphor  screen  and 
CCD  camera;  it  was  found  to  be  5tt  mm  mrad  yielding  a 
normalized  rms  beam  brightness  of  1.2x10^  A/m^rad^.  This 
is  the  first  reported  measurement  of  the  brightness  of  a 
ferroelectric  cathode  beam;  it  exceeds  that  of  a  thermionic 
cathode  and  is  close  to  that  of  a  photocathode.  The  results  for 
the  ferroelectric  cathode  may  be  directly  compared  with  a 
preliminary  experiment  carried  out  in  the  same  geometry  with 
a  thermionic  cathode.  The  ferroelectric  cathode  yielded  higher 
current  density. 

I.  Introduction 

Ferroelectric  materials  such  as  lead  lanthanum 
zirconium  titanate  (PLZT)  and  lead  titanate-zirconate  (LTZ  or 
PZT)  become  spontaneously  polarized  when  cooled  below 
their  Curie  temperature  resulting  in  a  high  charge  density  at 
their  surface  which  is  normally  screened  by  a  layer  of  surface 
charge.  The  spontaneous  polarization  can  be  as  high  as 
20  pC/cm^  resulting  in  the  accumulation  of  a  screening  charge 
density  of  10*4  elementary  charge s/cm^.  Altering  the 
spontaneous  polarization  rapidly  results  in  emission  of  the 
surface  charge  layer.  This  emission  mechanism  is  unique  and 
has  potential  advantages  over  emission  mechanisms  presently 
considered  for  high  brightness  sources.  Fast  polarization 
change  and  electron  emission  are  accomplished  by  applying  a 
fast  high  voltage  pulse  to  the  ferroelectric  disk.  In  our 
experiment,  the  electrodes  are  deposited  silver  coatings;  one 
side  is  solid  while  die  other  is  in  a  grid  pattern  leaving  areas  of 
the  ferroelectric  surface  exposed.  A  1-2  kV  fast  pulse  is 
applied  to  the  ferroelectric  disk  by  a  solid  state  or  krytron 
switched  pulse  generator  to  change  the  polarization  in  the 
ferroelectric  disk. 

Electron  emission  from  PLZT  and  PZT  has  been 
previously  observed.  Gundel  and  Riege  [1],  [2]  of  CERN 

*  This  work  was  supported  by  National  Science  Foundation 
Grant  No.  ISI-91G0797  through  the  SBIR  Program. 
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obtained  electron  densities  of  lOA/cm^  and  Ivers  et  al.  [3]  of 
Cornell  obtained  70A/cm 2.  Both  groups  have  measured 
electron  beam  current,  current  density,  repetition  rate 
capability  and  temporal  evolution  of  the  emission.  In  our  work 
we  have  for  the  first  time  measured  the  quality  of  the  beam 
produced  by  a  ferroelectric  cathode  —  emittance  and 
brightness.  We  have  obtained  a  beam  current  density  similar 
to  that  of  CERN  and  have  shown  that  the  beam  is  produced 
with  low  emittance. 

II.  Experimental  Design 

Electron  emission  is  produced  from  LTZ 
ferroelectrics  by  rapidly  changing  the  polarization  of  the 
ferroelectric  with  a  fast  rising  high  voltage  pulse.  The  emitted 
electrons  are  then  accelerated  by  an  electron  gun  held  at  a  DC 
potential  by  an  external  circuit.  The  ferroelectric  electron  gun 
consists  of  a  ferroelectric  disk  with  specially  prepared 
contacts,  an  electron  gun  and  two  driving  circuits  —  one  to 
provide  the  fast  high  voltage  pulse  to  induce  the  electron 
emission  and  the  second  to  accelerate  the  beam  in  the  electron 
gun.  The  electron  gun  and  driving  circuits  are  shown 
schematically  in  Figure  1 . 

Cathode  A  aode 


Figure  1.  Electron  gun  and  driving  circuit  for  the  ferroelectric 
experiment 

The  driving  circuit  for  inducing  electron  emission 
from  the  ferroelectric  must  produce  a  fast  rising  voltage  pulse 
of  1  -  2kV  across  the  ferroelectric  disc.  The  ferroelectric  disc 
has  a  capacitance  of  about  6  nF;  therefore  a  high  current 
pulser  is  required.  Two  tested  pulsers  are  a  commercial  solid 
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state  switched  pulser  capable  of  producing  20A  at  2kV  and  a 
simple  krytron  switched  pulser  switching  the  charge  stored  in 
a  lOnF  capacitor  to  the  ferroelectric. 

The  electron  source  is  a  disc  of  LTZ-2  obtained  from 
Transducer  Products,  Inc.  The  discs  are  2.5  cm  in  diameter 
and  1  mm  thick,  with  about  10  to  20  pm  thick  silver  contacts 
on  both  sides.  The  samples  are  pre-polarized  in  an  electric 
field  of  4  kV/cm.  To  be  used  as  an  electron  source  the  discs 
must  have  one  contact  in  a  grid  pattern  exposing  the  surface  of 
the  ferroelectric.  At  Integrated  Applied  Physics  (IAP),  we 
prepared  this  grid  pattern  by  a  photochemical  etching  process 
to  give  a  pattern  of  200  pm  wide  silver  strips  separated  by 
200  pm  wide  spaces  of  bare  surface.  A  ring  of  solid  silver 
material  was  left  at  the  edge  of  the  sample  for  electrical 
contact  to  the  grid. 

III.  Preliminary  Experiments  with  a 
Thermionic  Cathode 

The  electron  gun  was  designed  to  operate  as  a 
thermionic  cathode  at  5  -  50  kV  with  space  charge  limited 
current  for  a  flat  thermionic  cathode  of  a  few  A/cm2.  The 
space  charge  limited  current  of  this  gun  was  measured  using 
the  thermionic  cathode  to  allow  a  direct  comparison  with  the 
performance  of  the  ferroelectric  source.  Results  for  the 
thermionic  cathode  ate  shown  in  Fig.  2.  The  gun  has  obtained 
its  design  perveance  up  to  the  limits  of  this  measurement 
which  are  40  kV  and  -3A/cm2  for  a  total  current  of  10A  and  a 
perveance  of  1.2  pPerv. 


Current  Density  vs.  Voltage 


V  (kV) 


Figure  2.  Electron  gun  results  for  be  thermionic  cathode.  The 
curve  is  the  theory  for  a  1.2  pPerv  gun;  the  open  circles  are 
the  experimental  results.  To  obtain  the  electron  beam  current, 
multiply  J  by  the  cathode  area,  3.7  cm2. 

The  ferroelectric  electron  gun  was  fabricated  using 
high  vacuum  ceramic-metal  techniques  which  we  have 
developed  for  the  fabrication  of  high  power  switches.  All 
electrodes  are  stainless  steel,  the  insulator  is  AI2O3  ceramic 


which  is  brazed  to  a  Kovar  ring,  the  entire  assembly  is  welded 
together  using  TIG  welding  techniques  developed  at  IAP.  The 
final  assembly  is  made  using  high  vacuum  flanges  and  the 
entire  system  is  pumped  on  a  diffusion  pump  to  a  base 
pressure  of  10‘2  Torr.  For  this  work,  we  kept  the  electrode 
geometry  of  the  thermionic  electron  gun,  but  replaced  the 
thermionic  cathode  with  the  ferroelectric  disk. 

IV.  Experimental  Results  for 
a  Ferroelectric  Cathode 

The  measurements  of  the  electron  beam  current 
versus  applied  gun  voltage  for  the  ferroelectric  cathode  are 
shown  in  Figure  3.  The  current  increases  linearly  with  the 
applied  gun  voltage  and  is  higher  than  the  result  for  a  space 
charge  limited  thermionic  cathode  electron  gun  in  the  same 
geometry.  The  highest  peak  current  observed  was  36A  at  a 
22.S  kV  gun  voltage,  which  is  a  current  density  of  about  10 
A7cm2.  The  current  observed  is  about  10  times  larger  ban  be 
expected  space  charge  limited  current  for  a  thermionic 
cabode  gun.  At  15  kV  be  ferroelectric  source  gives  24A 
compared  wib  be  previously  measured  space  charge  limited 
current  of  2.2A  at  IS  kV  using  a  bermionic  cathode.  The 
results  shown  in  Figure  3  qualitatively  agree  wib  be 
observations  of  the  Cornell  group  (Ref.  3).  However,  our  peak 
beam  current  is  lower  than  the  expected  circuit  limit  indicating 
bat  be  electron  gun  or  be  ferroelectric  source  may  be 
limiting  the  current. 


Beam  Current  vs.  Gun  Voltage 


Electron  Gun  Voltage  (V) 

Fig.  3.  Electron  beam  current  produced  versus  applied  gun 
voltage.  In  all  cases  be  ferroelectric  was  pulsed  at  2kV. 

Beam  emittance  has  been  measured  by  using  the 
pepperpot  emittance  meter.  In  our  implementation  of  bis 
measurement,  be  pepperpot  mask  is  a  bin  copper  disk  wib 
an  array  of  diameter  ds200pm  holes  separated  by  1  mm.  It  is 
placed  at  be  center  of  be  anode  electrode  of  be  electron  gun. 
A  portion  of  be  electron  beam  passes  through  the  holes  on  be 
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mask  and  drifts  freely  to  a  phosphor  screen  a  distance  D=214 
mm  away.  The  beam  image  on  the  phosphor  screen  is  then 
recorded  for  analysis  of  the  beam  emittance.  The  beam  is 
observed  on  the  phosphor  screen  by  using  a  CCD  camera 
interfaced  to  a  Macintosh  computer.  The  image  is  captured 
and  analyzed  by  using  the  program  NIH  Image  1.41.  The 
combined  resolution  of  the  camera  and  the  phosphor  screen  is 
better  than  0.2  mm  which  allows  us  to  measure  beam 
emittance  to  about  ±10%.  The  raw  data  of  a  density  profile 
obtained  by  analyzing  the  beam  image  captured  by  the  CCD 
camera  are  shown  in  Fig.  4. 


Fig.  4.  Raw  data  of  density  profile. 

Under  the  assumption  that  the  electron  beam 
produced  by  the  ferrroelectric  cathode  is  axisymmetric,  not 
rotational  and  with  a  Maxwellian  transverse  velocity 
distribution,  the  data  analysis  approach  of  Rhee  [4]  is  used  to 
obtain  the  rms  emittance  of  the  beam.  The  normalized 
emittance  at  10  kV  is  5n  mm-mrad.  Emittance  measurements 
were  taken  at  several  values  of  beam  current  between  3  and 
ISA.  In  this  range,  the  emittance  was  observed  to  be  constant. 
The  normalized  brightness  at  10  kV,  ISA  is 
1.2x10*  *  A/m2-rad2. 

V.  Discussion  and 
Conclusions 

The  present  experiments  have  produced  pulsed 
electron  beams  of  very  high  quality  from  a  novel,  ferroelectric 
cathode.  Operation  was  demonstrated  at  beam  voltages  of  5  to 
22.5  kV  mid  currents  up  to  36A.  At  10  kV  and  15A,  the 
normalized  emittance  was  measured  to  be  5  tnnm  mrad 
yielding  a  normalized  beam  brightness  of  1.2xlOu  A/m2rad2. 
These  are,  to  our  knowledge,  the  fust  reported  measurements 
of  the  beam  emittance  and  brightness  of  the  electron  beam 
produced  by  a  ferroelectric  cathode.  A  number  of  important 
applications  appear  promising  for  the  ferroelectric  cathode 
because  of  the  demonstrated  high  beam  quality. 


The  cathode  was  successfully  prepared  from  a 
commercial  specimen  of  LTZ-2  by  etching  a  grid  pattern.  The 
ferroelectric  disk  was  mounted  in  an  electron  gun  geometry 
and  sealed  using  high  vacuum,  ceramic-metal  techniques.  The 
final  package  is  rugged  and  stable  and  should  be  capable  of 
long  life  operation.  The  ability  to  demonstrate  a  rugged 
package  for  the  novel  ferroelectric  cathode  is  another 
important  factor  in  applying  the  cathode  in  research  and 
commercial  applications. 

The  ferroelectric  cathode  has  many  advantages  over 
the  conventional  thermionic  cathode  which  is  widely  used  in 
microwave  tubes,  x-ray  tubes,  switches,  etc.  The  present 
research  gives  direct  experience  in  comparing  the  ferroelectric 
and  thermionic  cathodes  in  the  same  configuration.  A 
thermionic  cathode  was  able  to  produce  about  3A  of  current 
at  20  kV;  in  the  same  package,  a  ferroelectric  cathode 
produced  up  to  30A  at  20  kV,  an  order  of  magnitude 
improvement.  Furthermore,  the  quality  of  the  ferroelectric 
beam  was  higher  than  that  of  the  thermionic  beam.  The 
ferroelectric  beam  quality  corresponded  to  an  effective 
cathode  temperature  near  room  temperature;  the  effective 
temperature  of  the  beam  from  a  thermionic  cathode  is 
generally  above  1000C. 
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We  present  a  design  of  a  colinear  RF-photocathode  gun 
and  linac  sections  for  the  ultraviolet  free- electron  laser  under 
study  at  the  National  Synchrotron  Light  Source.  Inverse 
Helmholtz  solenoid  pair  is  used  to  control  the  divergence  of 
the  electron  beam  and  present  a  slightly  convergent  and  small 
beam  into  a  conventional  SLAC  linac.  The  relative  distance 
of  the  gun  to  the  linac  and  the  strength  of  the  solenoidal  field 
are  chosen  to  minimise  the  emittance  growth  of  the  beam 
due  to  space  charge.  The  simulation  codes  PARMELA  and 
TRACE-JD  are  used  to  model  the  beam  from  the  cathode  to 
the  entrance  to  the  wiggler. 


I.  INTRODUCTION 

The  National  Synchrotron  Light  Source  (NSLS)  is 
studying  the  design  and  construction  of  an  ultraviolet 
free-electron  laser  (UV-FEL)  capable  of  providing  tun¬ 
able  coherent  radiation  from  3000  to  750  nm.  [1,2] 

In  this  design  study  we  use  the  by  now  well  known  BNL 
RF-photocathode  gun  [3]  supplemented  with  an  inverse 
Helmholtz  solenoid  pair  [4]  to  control  the  divergence  of 
a  few  picosecond  and  highly  correlated  electron  pulse. 
The  coils  are  located  symmetrically  with  respect  to  the 
cathode  to  insure  Bt  =  0  at  the  plane  where  the  elec¬ 
trons  are  emitted.  In  the  low  energy  section,  the  main 
cause  of  emittance  dilution  is  the  space  charge.  [5]  We 
will  show  in  the  next  section  that  an  interplay  between 
(linear)  solenoidal  focusing  forces  and  de-focusing  space 
charge  fields  lead  to  a  minimum  of  the  transverse  emit¬ 
tance  inside  of  the  linac.  [6] 

The  well  known  simulation  codes  PARMELA  [7]  and 
TRACE-3D  [8]  have  been  used  as  design  tools. 


II.  LONGITUDINAL  BEAM  SLICES  AND 
EMITTANCE  CORRECTION 

To  study  the  causes  of  emittance  dilution  in  the  trans¬ 
port  and  acceleration  of  a  high  brightness  electron  beam, 
it  is  desirable  to  divide  the  few  picosecond  bunch  in  lon¬ 
gitudinal  slices  (<  10)  of  equal  length.  We  follow  each 
slice  through  the  transport  system  and  observe  that  the 
intrinsic  emittance  is  small  (  4  —  5x  mm  —  mrad)  but 

the  projection  in  2-D  phase  space  of  all  slices  gives  rise 
to  the  typical  fan  plots.  Although  the  area  swept  by  each 


slice  is  relatively  small,  the  area  covering  all  slices  is  sig¬ 
nificantly  larger  as  is,  consequently,  the  total  emittance. 
It  is  easily  seen  that  the  space  charge  is  greater  in  the  core 
of  the  beam  than  at  the  ends  and  as  a  result,  the  core 
tends  to  have  larger  radius  and  x'  than  the  ends  which 
leads  to  ellipses  in  phase  space  of  different  orientation  or 
slope  with  the  larger  slope  corresponding  to  the  core  of 
the  beam. 

In  Ref.  [5],  it  was  proposed  ways  to  force  the  fan  to 
close  and  effectively  correct  the  emittance.  Here  we 
follow  the  suggestion  in  Ref.  [6];  we  use  a  solenoid  to 
compensate  the  de-focusing  forces  of  space  charge.  As 
discussed  in  Ref.  [9],  the  optimal  situation  leading  to  a 
minimum  of  emittance  corresponds  to  an  ellipse  in  phase 
space  that  rotates  from  the  first  to  the  fourth  and  back 
again  to  the  first  quadrant  with  the  particles  in  the  tail 
with  larger  x  and  z'  than  the  corresponding  coordinates 
of  the  particles  in  the  core  of  the  pulse.  In  this  condi¬ 
tion  space  charge  alone  tends  to  close  the  fan  and  conse¬ 
quently  to  decrease  the  total  emittance  of  the  bunch.  At 
this  point,  if  the  beam  is  left  to  drift,  space  charge  will 
eventually  spread  the  fan  again  and  restore  the  emittance 
to  its  previous  higher  value.  However,  in  our  design  the 
waist  occurs  inside  of  the  linac.  As  the  beam  is  accel¬ 
erated,  the  slice  ellipses  are  frozen  with  respect  to  each 
other  due  to  a  decrease  of  space  charge  0(4^).  The  fi¬ 
nal  result  after  appropriate  tuning  is  an  emittance  for 
the  entire  beam  which  is  essentially  the  slice  emittance. 
The  initial  parameters  of  the  electron  beam  are  shown  in 
table  I. 

TABLE  I.  Parameters  used  in  the  PARMELA  simulations 
for  an  axially  symmetric  1  —cell  gun  in  a  x  -mode  configura¬ 


tion  with  a  solenoid  pair. 

RF  frequency  [MHs]  2856 

Radius  of  aperture  [cm]  1.0 

Radius  of  nose  [cm]  1.0 

First  cell  length  [cm]  2.625 

Second  cell  length  [cm]  5.23 

Field  on  cathode  [MV/m]  100.0 

Initial  phase  [degree]  45.0 

Laser  spot  sise  (Uniform  top-hat  profile)  [cm]  0.1 

Laser  pulse  width  (Uniform  top-hat  profile)  [ps]  7.0 

Charge  (2.4  nC  with  a  chicane)  [nC]  2.5 

Solenoidal  field  Bo  [kG]  2.2 

Solenoid  length  [cm]  15.0 


0-7803-1203-1/93303.00  ©  1993  IEEE 


3081 


The  emittance  collection  scheme  just  described  only 
corrects  linear  forces.  Therefore,  a  uniform  laser  illumi¬ 
nation  of  the  cathode  with  sharp  edges  is  required,  as 
only  this  type  of  distribution  leads  to  linear  space  charge 
forces.  [10,11]  An  emittance  (rms  -  normalise)  plot  as 
a  function  of  the  longitudinal  coordinate  z  is  shown  in 
Fig.  1.  In  that  figure  we  observe  a  fast  increase  of  the 
emittance  enOTm  occurring  immediately  after  the  gun  and 
a  subsequent  reduction  to  a  rather  broad  minimum  (in 
some  cases  there  is  a  gentle  asymptotic  decrease)  located 
inside  the  first  linac  section.  This  behavior  of  enorm  re¬ 
flects  the  interplay  of  (linear)  solenoid  focusing  and  de- 
focusing  space  charge  fields  and  illustrates  the  mechanism 
discussed  above. 


III.  ELECTRON  BEAM  LINE  DESCRIPTION 

The  beam  line  consists  of  a  high  brightness  electron 
source,  an  accelerating  and  a  transport  section.  The  to¬ 
tal  length  of  the  beam  line  is  about  25  meters.  The  2.4 
nC  electrons  are  produced  by  an  RF-photocathode  gun 
with  a  pair  of  symmetric  solenoids.  A  length  adjustable 
drift  (ss  75  cm)  after  the  gun  is  followed  by  the  first  linac 
section  which  increase  the  beam  energy  from  4.0  MeV 
to  70  MeV.  The  strength  of  the  solenoids  and  the  drift 
length  between  the  gun  and  the  first  linac  section  are  ad¬ 
justed  to  have  a  convergence  beam  going  into  the  linac 
and  a  double  waist  at  the  end  of  it.  The  initial  phase 
of  the  cavity  is  tuned  for  the  beam  to  have  the  correct 
longitudinal  phase  space  for  magnetic  compression.  The 
compression  is  achieved  by  a  chicane  designed  to  reduce 
the  length  of  the  electron  pulse  by  a  factor  of  2  and  to 
increase  the  current  of  the  front  of  the  pulse  by  a  factor 
of  3.  After  compression  the  electron  are  accelerated  to 
360  MeV  by  four  additional  linac  sections.  The  beam  is 
accelerated  a  slightly  off  the  peak  of  the  RF  wave  to  re¬ 
duce  the  energy  spread  of  beam.  At  the  entrance  of  each 
linac  section,  a  quadrupole  triplets  is  located  to  provide 
necessary  focussing  to  keep  the  beam  size  small.  It  also 
provide  a  flexibility  for  later  improvement  and  modifica¬ 
tions. 


IV.  PARMELA  RESULTS 

We  present  results  with  and  without  magnetic  com¬ 
pression. 

With  magnetic  compression:  Fig.  2  depicts  the  pulse 
length  in  picosecond  and  rms  (global)  energy  spread  of 
the  pulse.  Fig.  3  illustrates  the  current  of  individual 
slices  as  the  beam  progresses  through  the  transport  line. 
We  notice  that  the  tail  of  the  beam  carries  less  than  25  % 
of  the  total  charge. 

The  characteristics  of  the  electron  beam  presented  to 
the  wiggler  is  summarize  in  table  II. 


TABLE  II.  Election  beam  parameters  at  the  end  of  the 
transport  line  (case  with  a  chicane)  SLICES  1  AND  2 


Average  energy  [MeV] 

362 

7 

710 

Q  first  two  slices  (80%  of  2.4  nC)  [nC] 

1.88 

Energy  spread  [%] 

0.14 

Length  of  the  pulse  [ps] 

2.75 

Current  (820  x  0.75  +  276  x  0.25)  [A] 

684.0 

rms  fnorm  [tr  mm-mrad] 

6.0 

rms  radius  [mm]  (x,y) 

0.8  ,  0.4 

rms  divergence  (x,y) 

-0.04  ,  -0.025 

Without  magnetic  compression:  The  electron  beam  pa- 

rameters  at  the  end  of  the  transport  line 

are  in  table  III, 

notice  we  are  retaining  only  90  %  of  the  2.5  nC. 

In  a  work  under  preparation,  we  will  include  errors, 
such  as  solenoids  misalignment,  stability  of  the  coil  power 

supply  and  wake  fields  in  the  linac. 

TABLE  III.  Electron  beam  parameters  at  the  end  of  the 

transport  line 

Average  energy  [MeV] 

326 

7 

640 

rms  Global  energy  spread  [%] 

0.3 

rms  Local  energy  spread  [%] 

0.06 

rms  length  of  the  pulse  [ps] 

3.1 

Current  (/  =  ^v».  )  [A] 

290 

rms  enorm  [x  mm-mrad] 

5.7 

« (*.y) 

4.7 , 4.2 

P  [cm]  (x.y) 

6.4 , 6.4 

rms  radius  [mm]  (x,y) 

0.85  ,  0.8 

rms  divergence  (x,y) 

0.06 , 0.05 

V.  SUMMARY 

We  have  presented  the  design  of  a  high-brightness 
injection  line  for  the  proposed  UV-FEL  at  the  NSLS, 
Brookhaven  National  Laboratory.  The  study  of  slices 
of  the  electron  pulse  is  essential  to  tune  the  compen¬ 
sating  effects  of  the  solenoid  (focusing)  and  space-charge 
forces  (de-focusing)  as  emittance  correction  scheme.  Fur¬ 
thermore,  magnetic  compression  leads  to  a  pulse  with 
«  685.  A,  global  energy  spread  of  0.14  and  normalised 
emittance  of  ss  6.0  t  mm  —  mrad. 
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FIG.  2.  a)  History  of  the  rms  pulse  length  in  picosecond 
without  compression. 
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FIG.  1.  History  of  the  rms  normalised  transverse  emittance 
(wm  (x,y)  vs.  distance  s  without  compression. 
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FIG.  3.  History  of  the  current  of  5  slices  along  the-tri 
line  without  compression. 
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I.  ABSTRACT  AND  INTRODUCTION 

The  R&D  program  described  in  this  paper  focuses  on  an 
improvement  of  the  SLAC  linac  designed  to  extract  and  study 
a  9  GeV  electron  beam  under  stringent  control  of  energy, 
energy  spread,  emittance,  optical  parameters,  and  timing. 

The  extraction  system  begins  with  an  on-axis  pulsed 
magnet,  followed  by  a  magnetic  lattice  and  diagnostic 
equipment  required  for  the  measurement  and  optimization  of 
the  above  beam  qualities.  Design,  construction,  and 
installation  of  this  system  is  the  first  step  in  the  development 
of  the  overall  PEP-II  e*  injection  system. 

This  system  is  required  to  fill  1658  bunches  of  9  GeV 
electrons  (0.99  A  stored)  and  3.1  GeV  positrons  (2.14A  stored) 
in  two  separate  rings  in  a  total  of  about  6  minutes  from  zero 
ring  current  (i.e.,  full-fill  mode,  0  to  100%)  or  in  about  3 
minutes  from  80%  ring  current  (i.e.,  topping-off  mode,  80  to 
100%). 

This  unprecedented  rate  of  filling  can  be  met1  by  a 
judicious  use  of  the  SLC  linac,  damping  rings,  and  positron 
source. 

n.  ROLE  OF  R&D  PROGRAM  IN  OVERALL  PEP-II  INJECTION 

The  overall  goals  of  the  PEP-II  Injection  System  are 
summarized  in  Table  1.  These  differ  from  those  given  in 
earlier  papers^  in  that  the  current  of  the  electron  ring  (HER) 
was  recently  lowered  from  1.48  to  0.99A,  and  that  SLC 
operation  showed  that  the  transverse  beam  emittance  can  be 
decreased  by  going  to  flat  beams  (ey~ex/8).  These  two  factors 
both  ease  the  injection  process. 


based  on  use  of  the  SLC  linac  with  bypass  lines. 

Figure  1  shows  a  diagram  of  the  entire  injection  system 
using  the  SLC.  Alternate  linac  pulses  accelerate  the  electrons 
for  HER  on  one  60  Hz  time  slot,  and  the  positrons  for  LER 
together  with  the  electrons  which  make  the  positrons  on  the 
next  60  Hz  time  slot.  The  electrons  are  stored  in  the  North 
Damping  Ring  (NDR)  for  l/120th  of  a  second,  the  positrons 
are  stored  in  the  South  Dapiping  Ring  (SDR)  for  l/60th  of  a 
second.  The  first  eight  sectors  of  the  linac  are  pulsed  at 
120  Hz,  the  remaining  sectors  up  to  the  e^  source  are  pulsed  at 


*  Work  supported  by  Department  of  Energy  contract 
DE-AC03-76SF005 1 5 . 


60  Hz.  The  extraction  of  the  positrons  takes  place  by  means  of 
the  DC  chicane  in  Sector  4.  The  extraction  of  the  electrons 
takes  place  in  Sector  8  by  means  of  the  slow  pulsed  bending 
magnet  and  lattice  described  in  this  paper. 

The  correct  injection  timing  of  the  bunches,  which  in 
PEP-II  are  spaced  4.2  ns  apart,  is  obtained  by  adjusting  the 
timing  of  the  damping-ring  extraction  kickers  and  the  phase  of 
the  DR  rf  (714  MHz)  during  the  damping  interval.  The  linac  rf 
frequency  (2856  MHz)  and  the  PEP-II  rf  frequency 
(476  MHz)  are  harmonically  related  and  locked  together. 

TABLE  1:  Selected  PEP-II  Injection  Parameters. 

Beam  energy 


High-energy  ring  (HER) 

9  [range:8-10]  [GeV] 

Low-energy  ring  (LER) 

3.1  [range:  2.8-4]  [GeV] 

Beam  Current 

High-energy  ring  (HER) 

0.99/4518  [A/1010e'] 

Low-energy  ring  (LER) 

2.14/9799  [A/1010e+] 

Particles  per  bunch 

High-energy  ring  (HER) 

2.7  [10loe“] 

Low-energy  ring  (LER) 

5.9  [1010e+] 

Linac  repetition  rate 

60/120  [Hz] 

Linac  current  range  during  filling 

0.1-3  [lO^ei/pulse]3 

Invariant  linac  emittance 

ex 

4xl0'5  [m  -  rad] 

«y 

0.5xl0'5  [m  rad] 

Normal  filling  time 

Topping-off  (80-100%) 

3  [min.] 

Full  fill  (0-100%) 

6  [min.] 

Revolution  period 

7.336  [ps] 

Harmonic  number 

3492 

Number  of  bunches13 

1746-5%=1658 

Vertical  damping  time 

HER 

38  [ms] 

LER,  with  wigglers 

40  [ms] 

LER,  without  wigglers 

68  [ms] 

Nominal  beam  emittance 

HER,  horizontal/vertical 

48/1.9  [nm  rad]c 

LER,  horizontal/vertical 

64/2.5  [nm  - rad  ]c 

a  Assuming  75%  filling  efficiency.  The  SLC  routinely 
delivers  2.8x10*0  e±  per  linac  pulse  at  the  detector. 

13  For  filling,  the  rings  are  divided  into  nine  equal  zones.  A 


5%  gap  leaves  one  zone  partially  unfilled. 
c  Unnormalized,  or  geometrical,  values. 


UI.  EXTRACTION  SYSTEM  AND  LATTICE 

The  geometry  and  optical  lattice  of  the  extraction  system 
design^  are  influenced  by  the  desire  to  accomplish  extraction 
without  significantly  perturbing  the  optics  of  the  linac.  This 
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will  be  conducive  to  the  operation  of  interlaced  beams  and  to 
switching  operating  modes  between  SLC,  beams  for  fixed 
target  experiments,  and  the  PEP-11  studies. 

The  extraction  lattice  has  a  phase  advance  of  90°  per  cell. 
Extraction  dipoles  are  placed  in  pairs  having  equal  but 
opposing  bends,  and  are  separated  by  four  cells  or  360°  in 
phase  advance.  The  extracted  beam  is  thus  made  to  be  parallel 
to,  but  offset  from,  the  linac  beam,  and  the  induced  dispersion 
is  suppressed  overall. 

Figure  2  shows  the  optical  functions  of  the  beam  line  and 
Fig.  3  is  a  schematic  of  its  components.  Four  regions  are 
indicated.  The  first,  Region  I,  where  the  beam  is  dispersed, 
will  be  used  for  measurements  pertaining  to  the  beam  energy. 
Also  in  this  region,  capability  is  provided  to  correct  errors  in 
the  dispersion  without  modifying  the  overall  monoenergetic 
parameters  (i.  e.,  beta  and  alpha  functions). 


Fig.  2.  Machine  function  for  the  PEP-II,  9  GeV  electron 
beam  extraction  system. 

Region  II  provides  the  facility  to  correct  the  errors  in 
these  latter  parameters,  but  again  in  an  orthogonal  manner, 
that  is,  without  changing  the  dispersion.  This  region  is 
equipped  with  a  wire  scanner  and  a  single  “magic” 
quadiupoie^  (see  below)  for  the  purpose  of  measuring  beta, 
alpha  and  the  emittance  of  the  beam  in  each  plane.  Region  III 


is  a  matching  section  which  matches  the  linac  lattice  to  the 
Bypass  lattice. 

Finally,  the  first  two  cells  of  the  Bypass  lattice  are 
represented  in  the  last  region,  which  can  be  continued  by 
repeating  this  lattice  until  the  end  of  the  linac  housing  is 
reached,  and  the  beam  line  is  connected  to  the  existing  north 
PEP  transport  line  going  to  the  ring  housing.  The  Bypass 
lattice  also  has  a  phase  advance  of  90°  per  cell  with  the  cell 
length  designed  so  that  there  is  one  cell  per  linac  sector.  This 
short  section  of  Bypass  line  is  terminated  by  a  beam  dump  and 
can  be  extended  at  a  later  time. 

IV.  EXTRACTION  LINE  BEAM-POSITION  MONITORS 

Every  quadrupole  in  the  extraction  system,  and  in  the 
subsequent  transport  lines,  will  be  equipped  with  a  beam- 
position  monitor  (BPM)  capable  of  measuring  beam  position 
in  the  x-  and  y-plane,  but  only  one  coordinate  will  be 
measured  from  each  instrument.  A  measurement  of  the  orbit — 
at  90°  intervals  in  phase  advance — throughout  the  dispersive 
and  non-dispersive  regions  will  allow  separation  of  betatron 
oscillations  from  energy  dependent  effects.  These  latter 
changes  in  position  due  to  energy  will  be  monitored  by  a 
feedback  system  to  hold  the  energy  constant. 

Because  of  their  importance  to  the  beam  parameter 
measurements  and  their  relatively  large  number  and  cost,  the 
BPMs  must  be  engineered  very  carefully.  In  the  linac  housing, 
wherever  possible,  two  cables  (for  x  or  y)  will  be  run  from 
each  new  BPM  to  a  nearby  existing  linac  BPM  to  which  they 
will  be  coupled  with  -10  dB  loss  couplers.  This  multiplexing, 
which  is  already  being  used  for  the  existing  Positron  Return 
Line  in  the  linac  housing,  will  save  greatly  on  the  cost. 

The  position  resolution  of  the  extraction  and  transport  line 
BPMs  is  determined  by  the  need  to  steer  the  beam  through 
apertures  and  to  match  it  to  the  acceptance^  in  position,  angle 
and  energy  of  PEP-II.  If  the  BPM  resolution  is  better  than  the 
beam  ox  and  cj,  everywhere  in  the  extraction  and  transport 
line,  then  the  beam  position  will  be  known  well  enough  with 
respect  to  their  apertures.  The  minimum  ^  or  py  of  the  p- 
function  maxima  (where  the  BPMs  will  be  used)  is 
-40  meters.  For  a  beam  emittance  of  2.5  x  10‘9  m  •  rad ,  this 
minimum  size  corresponds  to  a  a  of  0.3  mm.  The  closest  (in 
mm)  object  to  the  injected  beam  is  a  PEP-II  septum  at  3.5  mm 
(-10  <Jy).  The  PEP-II  energy  acceptance  is  ±.5%.  This 
corresponds  to  ±2  mm  position  resolution  in  x  in  the 
dispersive  region  (qx  -  0.4  meters)  at  the  beginning  of  the 
extraction  line  where  the  beam  energy  will  be  stabilized  by  the 
feedback  loop.  An  easily  attainable  resolution  of  100  pm  for 
all  BPM  position  measurements  will  be  comfortably  less  than 
these  minimum  os.  This  specification  of  a  100  pm  resolution 
will  apply  for  a  pulse  of  1  x  109  electrons,  a  value  representing 
the  smallest  quantum  of  charge  that  is  planned  to  be  injected. 

V.  MEASUREMENT  AND  ADJUSTMENT  OF  BEAM  PARAMETERS 

As  mentioned  above,  the  parameters  of  the  extracted 
electron  beam  will  be  measured  and  adjusted  in  the  first  two 
regions  shown  in  Figs.  2  and  3. 
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Fig.  3.  Schematic  of  optical  components  for  electron  extractor  system. 


In  Region  I,  where  the  dispersion  is  maximum,  it 
contributes  as  much  as  IS  times  the  monochromatic  beam  size 
(y/te).  A  wire  scanner,  located  at  a  point  of  almost 
maximum  and  equal  dispersion  in  both  x  and  y,  will  be  used  to 
measure  the  energy  distribution.  The  expected  scanner 
accuracy  is  -SO  pm  and  the  beam  size  from  dispersion  is 
-2500  pm.  Thus  AE  will  be  measured  to  *2%,  and  AE/E  to 
about  ±0.01%,  assuming  an  incoming  beam  spectrum  of 
±.5%. 

As  shown  in  Fig.  3,  in  Region  I  there  are  four  pairs  of 
quadrapoles  (180°  per  cell  apart  in  each  pair)  which  are  used 
to  correct  for  errors  in  the  dispersion.  By  changing  the 
strength  of  these  quadrupoles  in  each  pair  equally  but  in 
opposite  direction,  it  is  possible  to  eliminate  the  anomalous 
residual  dispersion  at  all  points  in  the  dispersion-free  Region 
II  downstream.  This  scheme  has  the  virtue  of  leaving  p~ 
functions  unchanged  in  the  downstream  region,  eliminating 
the  need  for  retuning. 

In  Region  II  a  second  wire  scanner  and  a  single 
quadrupole  are  used  to  measure  the  emittance  and  Twiss 
parameters  of  the  beam.  This  quadrupole  is  called  magic 
because,  unlike  the  behavior  normally  associated  with 
quadrupoles,  it  does  not  change  the  shape  of  the  beam  which 
for  equal  (unequal)  emittance  in  both  planes  will  always  be 
round  (flat).  Thus,  at  its  nominal  setting  the  beam  is  round 
(flat)  and  a  minimum  in  size;  it  will  stay  round  (flat)  but 
become  larger  for  any  change  of  the  quadrupole  strength  in 
either  direction.  This  allows  measurement  of  the  size  of  the 
beam  about  its  minimum  in  both  planes  simultaneously  with 
reasonable  changes  in  quadrupole  strength. 

The  quadrupoles  in  the  dispersion-free  Region  II  will  be 
independently  controlled  to  provide  the  capability  of 
correcting  the  Twiss  parameters,  and  matching  the  proper 
conditions  for  launch  into  the  Bypass  lattice. 


The  addition  of  instrumentation  for  measurement  of  beam 
charge  and  timing  will  complete  the  instrumentation.  The 
controls  will  be  provided  by  utilizing  the  existing  SLC  control 
system  and  its  application  programs. 

VI.  CONCLUSION 

The  proposed  electron  extraction  system  will  be  capable 
of  measuring  all  beam  parameters  important  to  the 
development  of  an  injection  system  for  the  PEP-II  asymmetric 
collider.  Modifications  to  the  linac  and  its  operations  will  be 
quite  modest. 
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Abstract 

The  injection  system  (pre-injector)  of  the  KEK 
2.5-GeV  linac  has  been  upgraded  so  that  we  can 
investigate  intense  beam  acceleration  for  the  KEK 
B-factory  project.  It  requires  intense  beams  to 
achieve  a  short  injection  time  in  practice.  An 
outline  of  the  new  pre-injector  and  its  performance 
is  given. 

I.  INTRODUCTION 

The  pre-injector  of  the  2.5-GeV  linac  was 
extensively  upgraded  during  the  summer  of  1992  [1], 
We  installed  the  new  pre-injector  during  the 
summer  maintenance  period  from  July  11  to 
September  27,  1992.  At  first  we  completely  removed 
almost  all  of  the  previous  system  in  the  tunnel. 
Entire  devises,  including  a  supporting  girder,  were 
replaced  with  new  ones,  except  for  2  quadrupole 
magnets  and  2  accelerating  guides.  The  first  test 
operation  with  beams  was  performed  on  September 
24  to  25,  as  scheduled.  Everything  was  completed 
within  the  period,  except  for  some  small  items. 
Normal  operation  started  well  on  September  28,  as 
prearranged. 

This  is  the  first  step  toward  upgrading  the  linac 
to  meet  the  requirements  of  the  KEK  B-factory  [2], 
which  is  presently  under  consideration  as  a  future 
project.  It  requires  intense  beams,  especially  an 
intense  e'  beam  for  producing  positrons.  It  is, 
therefore,  important  to  understand  how  high- 
intensity  e*  beams  can  be  accelerated  in  the  linac, 
as  well  as  any  instabilities  of  the  beams. 

II.  NEW  SYSTEM  CONFIGURATION 

The  layout  of  the  new  pre-injector  is  shown  in 
Fig.  1.  Improved  items  extended  over  a  wide  area 
[3],  The  main  items  are  described  in  the  following. 


A.  Electron  Gun 

We  changed  the  electron  gun  to  a  newly 
designed  one,  which  is  under  operation  at  190  kV.  A 
ceramic  insulator  was  changed  from  one  130  mm 
long  with  ICF-203  flanges  to  at  one  of  300  mm  long 
with  ICF-253  flanges.  The  cathode  is  a 
commercially  available  one  (EIMAC  Y-  796). 

B.  Bunching  System 

We  adopted  a  multiple  bunching  system  that 
comprises  double  prebunchers  and  a  high  field 
bunch er  [1].  Our  new  system  has  several  features: 
(1)  The  distance  between  the  2nd  prebuncher  and  the 
buncher  was  made  as  short  as  possible  in  order  to 
obtain  short  bunches.  This  is  also  important  to 
minimize  any  effect  resulting  from  beam  loading 
in  the  gun.  If  the  beam  energy  is  gradually  reduced 
at  the  gun,  multiple  bunches  are  made  at  different 
phases.  The  shorter  distance  requires  a  stronger 
modulating  field,  which  makes  the  loading  effect 
relatively  small.  (2)  The  prebunchers  were 
designed  to  have  very  low  shunt  impedances  and 
large  group  velocities.  The  aim  is  to  reduce  any 
wake-field  effects  caused  by  an  intense  beam.  (3) 
The  buncher  comprises  two  sections,  each  of  which 
has  a  high  field  (15  MV/m).  The  beginning  part  is 
the  bunching  section,  which  has  6  cavities, 
including  an  input  coupler.  Each  cavity  has  a 
different  phase  velocity,  varying  gradually  from 
0.77c  to  0.99c.  A  normal  section  with  a  phase  velocity 
of  c  directly  follows  the  bunching  section.  (4)  All  of 
the  prebunchers  and  buncher  are  of  the  traveling- 
wave  type.  (5)  The  field  asymmetry  in  the  coupler 
cavities  was  compensated  for  by  offsetting  the 
coupler  cylinders  instead  of  making  a  counter  slot 
on  the  cylinder  wall  [4], 

The  field  strengths  and  phase  velocities  of  the 
bunching  system  were  determined  by  simulations 
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Fig.  1  Layout  of  the  new  pre-injector  of  the  2.5-GeV  linac 
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with  PARMELA.  An  example  is  shown  in  Figs.  2a 
and  2b.  The  simulation  predicts  a  bunch  length  of 
5°  (FWHM)  at  the  buncher  exit  for  a  200  keV/  8A 
beam  from  the  gun  [5].  The  particles  plotted  in  these 
figures  reach  just  90%  of  the  initial  particles,  which 
indicates  a  high  bunching  efficiency. 


Fig.  2a  Simulation  example  of  energy  distribution 
versus  the  buncher  rf  phase. 


Fig.  2b  Current  density  versus  the  rf  phase  in  the 
same  case.  Each  bin  has  a  width  of  2°. 


Fig.  3  Structure  of  the  2nd  prebuncher  and  buncher, 
which  are  connected  mechanically,  but 
separated  electrically. 


C.  RF  Adjusting  System 

It  is  necessary  to  optimize  the  power  levels  and 
phases  of  microwaves  fed  into  the  prebunchers  and 
the  buncher.  We  employed  equipment  that  is  capable 
of  changing  the  power  level  and  the  phase 
independently  [3], [6].  This  is  useful  for  simplifying 
the  rf  optimization  in  the  bunching  section.  Since  a 


double  prebuncher  system  was  adopted,  one  more  unit 
became  additionally  necessary  for  the  rf  adjusting 
system.  This  time  we  did  not  just  add  one  unit  for 
the  system,  but  also  rearranged  the  entire  system. 

The  new  rf  adjusting  system  is  shown 
schematically  in  Fig.  4.  It  has  the  following 
additional  features:  (1)  The  power  dividing  ratio  for 
the  2nd  prebuncher  and  buncher,  which  is  controlled 
by  the  first  unit,  can  be  changed  continuously  without 
any  phase  shift.  (2)  When  the  same  unit  is  driven  as 
a  phase  shifter,  all  of  the  rf  phases  in  the  bunching 
system  are  shifted  simultaneously  by  the  same 
amount.  This  property  is  very  useful  for  phasing  the 
beam  with  respect  to  the  fixed  rf  phases  in  the 
following  accelerating  guides,  since  it  does  not  affect 
the  beam  bunches. 


Fig.  4  Schematic  diagram  of  the  new  rf  adjusting 
system 

D.  Beam  Monitors 

As  the  beam  intensity  increases,  it  becomes 
more  important  to  transport  beams  at  the  centers  of 
the  accelerating  cavities  in  order  to  reduce  some  of 
the  transverse  wake-field  effects.  We  added  some 
fluorescent  screen  monitors,  two  of  which  have 
additionally  polished  stainless  steel  as  the 
transition  light  emitter.  A  streak  camera  is  used  to 
analyze  the  transition  light  for  measuring  the 
bunch  lengths  [7]. 

III.  PERFORMANCE  TEST 

A.  High-Current  Acceleration 

After  the  pre-injector  upgrade,  high-current 
beam  acceleration  was  performed  with  an  8-A /  4-ns 
beam,  which  contained  9.3xl010  electrons.  The 
transport  system  was  carefully  adjusted  only  to  the 
center  of  the  2nd  sector,  since  the  positron- 
production  target  had  been  assumed  to  be  installed 
somewhere  up  to  that  point.  Electrons  of  83%  were 
accelerated  to  the  1st  sector  entrance  and  73%  to  the 
2nd  sector  entrance.  The  results  are  given  in  Fig.  5. 
Monitor  No.  11  is  located  at  the  2nd  sector  center. 
After  the  upgrade,  the  beam  currents  increased  as 
well  as  the  transmission  rate,  as  was  expected. 
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Up  to  the  center  of  the  2nd  sector,  beam  profile 
deformation  was  not  obvious  on  the  screen 
monitors.  In  the  following  sectors,  however, 
deformed  profiles  were  observed,  and  the  beam 
charge  was  decreased  to  5.0  nC  at  the  center  of  the  4th 
sector.  The  deformation  that  depended  on  the  beam 
positions  indicates  that  it  was  caused  by  wake 
fields. 

Beams  that  contained  much  more  charge  were 
accelerated  as  a  trial.  They  were  longer  beams  with 
lower  densities.  As  can  be  seen  in  Fig.  5,  electrons 
of  high  rate  (83  to  89%)  were  accelerated  to  the  pre¬ 
injector  exit.  The  beams  were,  however, 
considerably  lost  in  the  following  sectors,  especially 
in  the  first  unit  of  the  1st  sector.  We  are  planing  to 
install  a  quadrupole  magnet  there  in  order  to 
improve  the  transmission  rate.  Beam  loss  is  caused 
by  a  heavy  beam-loading  effect  as  well  as 
transverse  wake  fields. 


Fig.  5  High-charge  beam  acceleration  after  the  pre- 
injector  upgrade. 


Fig.  6  One  of  the  bunches  of  the  8-A/  4-ns  beam 
measured  with  a  streak  camera.  It  is  a 
single-shot  measurement. 


B.  Bunch  Length 

Beam  bunch  lengths  were  measured  at  the  end  of 
the  pre-injector  using  the  streak  camera.  Figure  6 
shows  one  of  the  bunches  in  the  8-A/4-ns  beam,  which 


was  taken,  while  analyzing  the  transition  light.  The 
measured  bunch  length  (FWHM)  is  9.8  ps,  which  is 
about  twice  as  large  as  a  prediction  by  a  PARMELA 
simulation.  The  reason  for  the  discrepancy  is  under 
investigation.  Some  reasons  can  be  suggested:  (1) 
incorrect  bunching  parameters,  (2)  wake-field 
effects,  and  (3)  bunch-monitor  performance. 

C.  Emittance 

The  beam  emittance  was  measured  just 
downstream  from  the  buncher  by  the  usual  method 
with  a  screen  monitor  and  a  quadrupole  magnet. 
The  beam  sizes  were  measured  on  the  screen 
varying  a  focusing  strength  of  the  quadrupole 
magnet.  Beam  sizes  were  defined  by  the  full  width  at 
half  maximum  in  the  beam-density  distribution.  For 
a  4-A/15-ns  beam,  the  obtained  emittances  were  ex  = 
45  (mm  mr)  and  £y  =  52  (mm  mr). 

V.  FUTURE 

The  KEK  B-factory  requires  for  injection  an  s- 
band  single-bunched  e'  beam  and  an  e+  beam  of  two 
or  three  bunches  that  are  about  100  ns  apart.  Toward 
obtaining  a  single-bunched  beam,  we  are  presently 
preparing  a  476-MHz  SHB  and  its  driver,  which  will 
be  installed  this  summer.  We  will  investigate  soon 
what  will  occur  in  high-density  single-bunched  e' 
beam  acceleration  at  the  present  state  of  the  2.5-GeV 
linac.  The  purpose  is,  of  cause,  to  determine  what 
should  be  improved  so  that  our  linac  will  meet  its 
requirements. 
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Abstract 

The  300|is,  400  MJ  SSC  proton  beam  must  be  contained 
when  extracted  to  the  external  beam  dump.  The  current  design 
for  the  SSC  beam  dump  can  tolerate  the  heat  load  produced  if 
the  beam  is  deflected  into  a  raster  scan  over  the  face  of  the 
dump.  If  the  high  frequency  deflecting  magnet  were  to  fail,  the 
beam  would  scan  a  single  strip  across  the  dump  face  resulting  in 
higher  local  energy  deposition.  This  could  vaporize  some  mate¬ 
rial  and  lead  to  high  pressures. 

Since  the  beam  duration  is  comparable  to  the  characteristic 
time  of  expected  hydrodynamic  motions,  we  have  combined  the 
static  energy  deposition  capability  of  the  MARS  computer  code 
with  the  two-  and  three-dimensional  hydrodynamics  of  the 
MESA  and  SPHINX  codes.  EOS  data  suggest  an  energy  depo¬ 
sition  threshold  of  15  kJ/g,  below  which  hydrodynamic  effects 
are  minimal.  Above  this  our  2D  calculations  show  a  hole  boring 
rate  of  7  cm/ps  fa*  the  nominal  beam,  and  pressures  of  a  few 
kbar.  Scanning  the  nominal  beam  faster  than  0.08  cm/jis  should 
minimize  hydrodynamic  effects.  3D  calculations  support  this. 

I.  INTRODUCTION 

Two-  and  three-dimensional  hydrodynamic  calculations 
using  very  high  energy  (Te  V)  particle  deposition  are  required  to 
understand  the  behavior  of  the  SSC  beam  dump  under  abnormal 
beam  aborts.  The  dump  is  currently  designed  as  an  800  cm 
long,  160  cm  square  rectangular  block  of  pressed  graphite.  The 
20  TeV  beam  enters  the  dump  about  once  a  day  through  a  0.2cm 
thick  titanium  window.  The  other  faces  are  contained  by  an  alu¬ 
minum  cooling  vessel.  For  simplicity,  our  modeling  approxi¬ 
mated  this  structure  as  a  graphite  block.  Normally  the  beam 
spot  will  be  raster  scanned  across  the  beam  dump  face,  keeping 
the  temperature  of  the  dump  below  1300K.  If  the  scanning  mag¬ 
nets  fail,  a  worst  case  scenario  allows  the  beam  spot  to  remain 
at  a  single  location. A  more  realistic  case  has  some  linear  spot 
motion  across  the  face,  due  to  the  droop  of  the  kicker  magnet 
field. 

We  consider  a  limited  set  of  beam  characteristics:  20  TeV 
protons  delivered  in  290  microseconds  at  two  fluences, 
4.5xl017  and  l.OxlO19  protons/s.  The  first  is  the  nominal  SSC 
design,  the  second,  a  higher  value  we  used  to  explore  scaling 
effects.  The  SSC  upgrade  design  has  an  intermediate  fluence  3 
times  the  nominal.  Because  of  the  long  distance  from  the  kicker 
magnet  to  the  dump,  the  standard  deviation  of  the  beam’s  trans¬ 
verse  Gaussian  profile  has  expanded  to  0.2  cm. 

Preliminary  2-D  hydrodynamic  calculations  with  mocked 
energy  depositions  led  us  to  expect  that  the  400  MJ  (energy 
equivalent  to  100  kg  of  TNT),  could  have  explosive  conse¬ 
quences.  The  small  spot  size  could  also  lead  to  boring  a  hole 
through  solid  material  in  the  beam  path.  To  study  these  phe¬ 
nomena  and  to  guide  mechanical  designs  for  controlling  these 
effects,  we  sought  to  create  a  3D  hydrodynamic  code  which 
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correctly  modeled  energy  deposition.  We  chose  the  MARS1 
energy  deposition  code  and  both  the  Eulerian  MESA2  and 
Lagrangian  SPHINX3  hydrodynamics  codes. 

II.COMPUTER  CODES 

A.  MESA 

MESA  is  a  two-  and  three-dimensional  Eulerian  hydro¬ 
dynamics  code2.  While  originally  developed  for  simulating 
the  interactions  of  military  projectiles  with  armor,  it  is  easily 
adapted  to  other  hydrodynamic  applications.  A  variety  of 
analytical  and  tabular  equation -of-state,  material  strength, 
and  fracture  models  is  available  to  complement  the  hydrody¬ 
namics.  The  numerical  hydrodynamics  is  divided  into  two 
phases.  The  first  phase  is  Lagrangian;  the  second  is  an  Eule¬ 
rian  advection.  The  Lagrangian  phase  is  subcycled  for 
increased  computational  efficiency.  The  Youngs  interface 
reconstruction*,  which  assures  that  materials  ~r«  advected  in 
the  correct  order,  is  a  powerful  feature  of  MEh  ..  It  mini¬ 
mizes  the  numerical  diffusion  characteristic  of  Eulerian 
codes.  This  interface  treatment  allows  fewer  computational 
cells  to  be  used  for  the  same  numerical  accuracy  than  earlier 
codes  because  it  handles  the  mixed  material  cells  at  material 
interfaces  so  effectively.  This  feature  is  particularly  important 
in  3-D  simulations  with  relatively  coarse  meshes. 

B.  SPHINX 

Smooth  Particle  Hydrodynamics  (SPH)  is  a  gridless 
Lagrangian  computational  technique  in  which  “particles” 
represent  mathematical  points  at  which  the  fluid  properties 
are  known.  SPH  was  first  derived  by  Lucy5  as  a  Monte-Carlo 
approach  to  solving  the  hydrodynamic  time  evolution  equa¬ 
tions.  Later  it  was  reformulated  in  terms  of  interpolation  the¬ 
ory,  which  was  shown  to  better  estimate  the  error  scaling  of 
the  technique.  Gradients  that  appear  in  the  fluid  equations  are 
obtained  via  analytic  differentiation  of  smooth  interpolated 
functions,  or  kernels.  Each  kernel  is  a  spherically  symmetric 
function  centered  at  the  particle  location  and  generally  resem¬ 
bling  a  Gaussian  in  shape.  The  interpolation  is  accomplished 
by  summing  each  equation  or  variable  at  any  location  over 
nearby  known  values  at  particle  locations,  each  weighted  by 
its  own  kernel  weighting  function.  By  appropriately  modify¬ 
ing  the  normalization  condition,  the  same  code  can  easily 
switch  between  ID,  2D,  and  3D,  spherical  or  cylindrical  con¬ 
figurations.  The  computer  code  SPHINX  is  our  implementa¬ 
tion  of  SPH. 

C.  MARS 

MARS1  is  a  Monte  Carlo  program  for  inclusive  simula¬ 
tion  of  three-dimensional  hadronic  and  electromagnetic  cas¬ 
cades  in  matter  and  of  muon  transport  in  radiation  shielding 
accelerator  and  detector  components  at  energies  up  to  30 1  v 
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It  allows  fast  cascade  simulation  with  modest  memory  require¬ 
ments,  providing  the  availability  of  complex  geometries  with 
composite  materials,  presence  of  magnetic  fields,  and  a  variety 
of  scoring  possibilities.  To  construct  a  cascade  tree  only  a  fixed 
number  of  particles  from  each  vertex  is  chosen  (four  in 
MARS  12),  and  in  the  simplest  case  each  carries  a  statistical 
weight  which  is  equal  to  the  partial  mean  multiplicity  of  the 
particular  event  Energy  and  momentum  are  conserved  on  the 
average  over  a  number  of  collisions. 

MARS  is  well  suited  for  use  with  a  3-D  hydrodynamics 
code.  It  was  easily  modified  to  allow  arbitrary  material  densi¬ 
ties,  and  runs  quickly  (five  minutes  Of  one  CRAY  YMP  proces¬ 
sor  can  give  a  meaningful  calculation).  Since  MARS  may  be 
called  hundreds  of  times  in  a  calculation,  speed  was  crucial. 
However  MARS  only  needs  be  called  by  the  hydrodynamic 
code  when  the  distribution  of  mass  has  changed  enough  to 
change  the  energy  deposition  calculation.  This  time  between 
MARS  calculations  we  estimated  as  0.2  times  the  beam  spot 
radius  (1  o)  divided  by  the  maximum  radial  velocity  in  the 
deposition  region.  This  time  step  control  allowed  us  to  reduce 
by  factors  of  2  to  10  the  time  spent  in  MARS  calculations. 
Nevertheless  an  unoptimized  2D  MESA/MARS  calculation  at 
nominal  fluence  required  12  CRAY  YMP  cpu  hours  to  reach  a 
time  of  ISO  its. 

D.  Equation  of  State 

In  order  to  perform  hydrodynamic  calculations  we  require 
the  dependence  of  pressure  and  specific  internal  energy  on  a 
material’s  temperature  and  density.  The  Sesame  Equation-of- 
State  (EOS)  Library  is  a  standardized,  computer-based  library 
which  contains  tables  of  thermodynamic  properties  for  a  wide 
range  of  materials  over  a  wide  range  of  physical  regions  (from 
ambient  to  astrophysical  conditions).  The  library  currently 
contains  data  for  about  ISO  materials,  including  simple  ele¬ 
ments,  compounds,  metals,  minerals,  polymers,  mixtures,  etc. 
However  for  the  beam  dump  application  a  new  equation  of 
state  had  to  be  created  for  compressed,  porous,  powdered 
graphite.  An  EOS  for  full  density  graphite  was  created  using 
data  from  shock  measurements  at  1.948  g/cm3,  a  melt  tempera¬ 
ture  of  4530K,  and  a  vapor  pressure  of  O.OIGPa  at  4500K. 
These  gave  a  critical  temperature  of 8204K,  critical  pressure  of 
2.04  GPa,  and  a  critical  density  of  1.00  g/cm3.  A  threshold 
crush  pressure  of  0.1  GPa  is  assumed  with  a  linear  ramp  in 
pressure  as  the  porous  graphite  of  density  1.71  g/cm3  is 
crushed  up  to  the  2.25  g/cm3  full  density  of  graphite. 

The  resulting  EOS  displayed  an  important  characteristic. 
Below  a  specific  energy  of  10  to  15  kJ/g,  the  pressure  remained 
very  low.  Above  this  threshold  the  pressure  rapidly  increased 
to  values  above  1  GPa  (10  kbar).  This  specific  internal  energy 
corresponds  roughly  to  that  needed  for  melt  and  evaporation. 
Above  this  energy  deposition  threshold  substantial  hydrody¬ 
namic  effects  will  occur. 

ffl.  2-D  CALCULATIONS 

Although  we  ultimately  desire  a  3-D  calculational  ability, 
we  performed  2-D  calculations  to  test  the  codes  and  study  the 
consequences  of  the  beam  remaining  stationary  on  the  dump 
face. With  the  MESA/MARS  code  we  modeled  the  beam  dump 


as  a  800  cm  long,  4  cm  radius  graphite  cylinder.  We  studied 
two  beam  fluences,  4.5xlO,7(Figs.  1,2,3)  and  l.OxlO19  pro¬ 
tons/s  with  ax-  oy=  0.2  cm.  Figure  1  shows  the  temperature 
along  the  beam  axis  at  20, 60,  and  150  its.  The  curve  at  20  ps 
shows  the  temperature  rise  from  energy  deposition  in  static, 
homogeneous  material.  Material  at  the  peak  energy  deposition, 
210  cm,  has  just  vaporized.  By  60  its  vaporization  extends 
from  90  to  500  cm;  by  150  its  to  the  end  of  the  dump.  Figure  2 
at  60  |ts  shows  why.  Density  on  axis  has  been  reduced  allowing 
the  beam  to  propagate  farther  into  die  dump.  Figure  3  shows 
the  pressure  causing  this  expansion  away  from  the  beam  axis. 
Peak  pressures  of  1  to  2  kbar  are  present  not  only  at  this  time, 
but  throughout  the  problem.  Figure  4  shows  the  density  varia¬ 
tion  with  radius  and  length  at  20  |ts  in  a  SPHINX/MARS  cal¬ 
culation  of  a  2  cm  radius  cylinder  at  high  fluence.  The  teardrop 
shape  to  the  low  density  hole  is  qualitatively  similar  to  die 
MESA/MARS  calculation.  Because  SPHINX  had  not  incorpo¬ 
rated  the  Sesame  EOS,  results  differ  quantitatively. Tempera¬ 
ture  is  approximately  uniform  within  the  low  density  region, 
the  pressure  somewhat  less  so.  The  MESA/MARS  calculation 
at  the  nominal  intensity  gives  temperatures  of  about  4500  K 
and  pressures  of  1-2  kbar.  Although  some  of  the  graphite  has 
been  vaporized,  the  dump  might  be  designed  to  contain  these 
pressures.  At  the  high  fluence  the  temperatures  are  about  11000 
K  and  peak  pressures,  30-35  kbar.  The  existence  of  an  EOS 
threshold  suggested  we  should  get  little  motion  before  15ps  in 
the  nominal  case  and  0.7  ps  for  the  high  fluence.  This  was 
observed  in  the  calculations. 

These  calculations  show  the  SSC  beam  first  depositing  its 
energy  into  cold  material,  which  as  it  evaporates  creates  pres¬ 
sures  opening  an  axial  density  hole  which  expands  outward. 
Because  the  density  is  low  on  axis,  the  beam  penetrates  farther 
into  the  dump,  heating  new  material,  and  boring  a  hole  through 
the  dump.  At  the  nominal  fluence  the  penetration  rate  is  about 
7  cm/ps;  at  high  fluence,  70  cm/ps.  Since  the  beam  strikes  the 
dump  fra  290  microseconds,  these  rates  are  unacceptable. 

IV.  3-D  CALCULATIONS 

The  beam  is  not  planned  to  dwell  in  one  spot,  but  rather  to 
perform  a  raster  scan  across  the  dump  face.  By  moving  the 
beam  deposition  into  fresh,  cold  material,  the  deposition  in  any 
one  location  should  be  below  the  threshold  fra  hydrodynamic 
effects.  By  integrating  the  lateral  distribution  of  beam  energy 
deposition  over  radius  at  the  position  of  peak  deposition  and 
applying  the  hydrodynamic  threshold,  we  obtain  a  minimum 
scanning  speed.  Below  this  speed  hydrodynamic  effects  occur. 
For  our  nominal  SSC  beam  on  graphite  this  speed  is  0.08  cm/ 
ps;  fra  high  fluence,  1.7  cm/p s. 

So  far  we  have  performed  rally  one  calculation,  with 
SPHINX,  to  test  three  dimensional  effects.  Figure  5  shows 
density  after  20  ps  with  the  beam  (ax=  a y=  0.2  cm)  sweeping 
in  the  z  direction  at  0.1cm  /jps  from  0  to  2  cm  at  high  fluence 
(well  below  the  minimum  scanning  speed).  The  dump  is  simu¬ 
lated  by  a  graphite  cylinder  2.0  cm  in  radius  and  400  cm  long. 
As  expected  die  beam  creates  a  hole  between  120  and  400  cm 
and  an  asymmetrical  expansion.  Temperatures  are  reduced  by  a 
factor  of  0.75  compared  to  the  non-moving  beam  calculation. 
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Figure  4  Density  from  2D  SPHINX  at  high  fluence 


Ftgure  5  Density  from  3D  SPHINX  at  high  fluence 
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Abstract 

Starting  from  extensive  simulations  of  photon  emission  by 
channeled  electrons  in  tungsten  crystals,  a  test  experiment 
has  been  proposed.  It  concerns  a  2  GeV  electron  beam 
impinging  on  a  1  mm  tungsten  crystal  oriented  along  its 
<  111  >  axis.  Radiation  measurements  are  ensured  by  a 
preshower  detector  followed  by  a  lead-plexiglas  calorime¬ 
ter.  Channeling  data  are  compared  to  those  obtained  for 
random  incidence.  They  can  be  associated  with  simula¬ 
tions  using  shower  codes  (GEANT)  for  estimating  perfor¬ 
mances  of  positron  sources  based  on  this  principle. 

I  INTRODUCTION 

Extrapolation  of  conventional  positron  sources  to  the  pa¬ 
rameters  required  for  linear  colliders  led  to  the  utilization 
of  high  energy  electron  beams  impinging  on  thick  tar¬ 
gets.  Adequate  set-up  (high  gradient  RF  sections,  damp¬ 
ing  rings)  is  necessary  to  minimize  longitudinal  and  trans¬ 
verse  phase  space  extensions.  Moreover  thermic  effects 
are  important  and  represent  serious  limitations^,  2].  A 
different  way  to  generate  positrons  has  been  initiated  for 
VLEPP  colliders  and  adopted  in  the  DESY-THD  linear 
collider  project:  they  use  intense  photon  beams  created 
in  helical  wigglers  by  very  energetic  electron  beams,  to 
produce  electron-positron  pairs  in  thin  targets[3,  4].  Such 
a  method,  though  bringing  louver  emittance  and  weaker 
power  deposition  in  the  target,  requires  a  very  high  en¬ 
ergy  beam  (100-250  GeV)  and  a  very  long  wiggler  (50-150 
m).  Instead  of  using  a  magnetic  wiggler  we  may  use  an 
atomic  wiggler  of  millimeter  scale  to  generate  the  power¬ 
ful  photon  beam  to  be  sent  onto  the  pair  generation  tar¬ 
get.  Channeling  of  multi-Gev  electrons  in  oriented  crys¬ 
tals  could  produce  enough  photons  to  reach  the  expected 
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value  of  more  than  one  accepted  positron  per  incident  elec¬ 
tron  which  represents  the  current  design  value  for  linear 
colliders[5,  6]. 

Channeling  radiation  may  be  more  intense  than  classical 
Bremsstrahlung  in  a  given  crystal  thickness  for  specific 
incident  energies.  For  a  tungsten  crystal  oriented  along 
the  <  1 1 1  >  axis,  the  ratio  between  the  intensities  due  to 
channeling  and  bremsstrahlung  reaches  unity  for  an  energy 
of  0.7  GeV  and  a  value  of  2  at  2  GeV. 

A  test  experiment  using  the  2  GeV  Orsay  linac  with  a 
1  mm  thick  tungsten  crystal,  oriented  on  its  <  111  >  axis 
has  been  proposed;  the  first  results  are  presented  hereafter. 

II  PRELIMINARY  SIMULATIONS 

The  fundamental  physical  process  on  which  the  proposed 
set-up  is  grounded,  i.e.  photon  generation  produced  by 
channeled  electron  in  a  crystal,  has  been  simulated  by  a 
Monte-Carlo  code[7].  From  calculated  electron  trajectories 
in  a  given  crystal  lattice  the  photon  emission  probabilities 
and  their  complete  kinematics  are  computed  according  to 
the  quasi-classical  Baier-Katkov  formula  for  radiation  in  a 
non  uniform  field[8).  The  multiple  scattering  is  taken  into 
account. 

Simulation  was  done  in  the  software  environment  usual 
in  High  Energy  Physics.  The  detector  simulation  code 
GEANT[9]  was  adopted  as  the  basis  for  working  out  the 
needed  calculations.  In  this  framework  the  code  simulat¬ 
ing  channeling  was  introduced  as  event  generator.  The 
main  physical  processes  involving  electrons,  positrons  and 
photons  were  taken  into  account. 

Considering  an  electron  beam  having  normal  distribu¬ 
tion  with  rms  value  of  1  mm  (radial)  and  0.5  mrad  (angu¬ 
lar)  simulations  on  nhoton  production  have  been  worked 
out.  Photon  yield  as  well  as  radiated  intensities  were  eval¬ 
uated  in  the  energy  domain  2-20  GeV  and  systematically 
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compared  for  a  crystal  and  an  amorphous  target  of  the 
same  thicknflss[6].  Enhancement  above  3  for  the  photon 
yield  and  2  for  the  radiated  intensity  were  reported  sim¬ 
ulating  the  experimental  conditions.  Equivalent  positron 
yield  increase  was  evaluated  when  putting  an  amorphous 
tungsten  (1  mm  thick)  located  after  the  crystal  [6]. 

Ill  EXPERIMENTAL  SET-UP 

The  lay-out,  represented  on  figure  1,  comprises  the  follow¬ 
ing  elements: 

•  The  tungsten  crystal  was  grown  at  the  Stuttgart 
Max-Planck  Institute  fur  Metallforschung.  Mosaic 
spread  controlled  by  7  -  diffractrometry  is  no  more 
than  0.5  mrad;  this  value  is  lower  than  the  Lindhard 
critical  angle,  1  mrad  for  2  GeV  beam  on  <  111  > 
axis. 

•  The  goniometer  from  Microcontrole,  has  an  angu¬ 
lar  resolution  of  10~3  degree.  Rotation  around  two 
perpendicular  axes  and  translation  are  controlled  by 
a  microcomputer. 

•  The  detection  of  photons  transmitted  through  a  2 
cm  diameter  collimator  is  provided  by  a  scintillator  - 
for  photon  counting  -  and  a  lead-plexiglas  calorimeter. 

•  Electron  beam  diagnostics  for  intensity  and  trans¬ 
verse  profile  are  provided 

•  Bending  magnet  is  used  for  electron  beam  sweeping 
before  the  detector. 


BEAM 


T  G  A 


PM 


P  C  N  CAL. 


T:induction  monitor  C:collimator 

G  igoniometer-crystal  N  :sci  ntillator 

A:bending  magnet  CALtcalorimeter 

P:profile  monitor  (SEM  grid) 

Figure  1:  Lay-out  of  the  experiment 

Step  by  step  goniometer  motion  as  measurement  data 
gathered  on  the  scintillator  (number  of  photons)  and  the 
calorimeter  (radiated  energy)  ahre  processed  by  two  micro¬ 
computers.  Beam  pulse  number  and  integrals  of  elemen¬ 
tary  goniometer  steps  could  be  chosen;  angular  limits  of 
motions  are  also  usually  fixed  before  starting  an  angular 
scan.  Multiscale  spectra  for  photon  number,  radiated  en¬ 
ergy  and  incident  electron  beam  intensity  allow  full  ob¬ 
servation  of  these  parameters  during  the  angular  scans. 
Moreover,  photon  data  normalization  by  incident  electron 
beam  intensity  will  ensure  efficient  monitoring. 


IV  EXPERIMENTAL  RESULTS 

A  Experimental  conditions 

Recalling  that  efficient  channeling  needs  an  angular  diver¬ 
gence  for  the  electron  beam  smaller  than  1  mrad,  partic¬ 
ular  attenbion  was  given  to  this  problem.  Two  collima¬ 
tors  with  4  x  4mm3  aperture  and  distant  60  meters  apart 
allowed  maximum  divergence  better  than  0.1  mrad.  Elec¬ 
tron  beam  dimensions  were  controlled  through  a  multiwire 
secondary  emission  profile  monitor[10).  Typical  FWHM 
values  were  about  1.5  mm;  crystal  lateral  dimensions  be¬ 
ing  6  mm.  Additional  emittance  monitoring  using  Optical 
Transition  Radiation  at  the  crystal  location  is  installed. 


B  Results 

Angular  scans  for  both  rotation  axes  (vertical  Z  and  hor¬ 
izontal  Y)  are  registered.  Crossing  of  the  electron  beam 
along  the  chosen  <  1 1 1  >  axis  in  the  crystal  requires  that 
the  beam  direction  be  perpendicular  to  the  entrance  face 
(111).  This  condition  is  met  for  particular  values  of  the 
rotation  angles  around  the  axes.  At  rather  large  angular 
distance  (~  1  degree)  from  these  values,  the  crystal  is  seen 
as  a  disordered  structure  (amorphous)  by  the  beam. 


Figure  2:  Angular  scan  around  Z  axis  for  scintillator  (TV-,) 
and  calorimeter  (Ef?-,) 

Scanning  around  the  vertical  axis,  for  this  particular 
value  of  the  rotation  angle  around  the  horizontal  axis,  is 
shown  on  figure  2  which  gives  the  relative  number  N-,  of 
photons  detected  by  the  scintillator.  On  this  figure,  an¬ 
gular  steps  represent  0.05  degree.  Enhancement  by  a  fac¬ 
tor  2  4  2.5  may  be  observed  when  comparing  the  peak 
value  (channeling  conditions)  and  the  quasi  constant  value 
(amorphous).  Corresponding  enhancement  (~  1.8)  for  ra¬ 
diated  energy  E is  also  observed  for  the  same  angular 
parameters  (figure  2).  From  these  results,  we  can  obtain 
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the  average  photon  energy, 


the  orientation  dependence  of  which  is  presented  on  fig¬ 
ure  3.  One  obeerves  that  this  average  energy  exhibits  a 
minimum  in  alignment  conditions. 


Figure  3:  Angular  scan  of  the  average  energy  of  photons 

A  convenient  representation  may  also  be  observed  on 
figure  4.  Scanning  on  both  vertical  and  horizontal  axis 
shows  the  maximum  for  the  relative  number  of  photons. 


Figure  4:  Angular  scans  around  axes  Z  and  Y  of  the  photon 
yield 

V  COMMENTS  ON  THE  RESULTS 

Maxima  in  relative  photon  number  and  radiated  energy  as 
well  as  minimum  of  average  photon  energy  occur  for  the 
same  crystal  orientation  corresponding  to  channeling. 

FWHM  value  of  the  angular  scans  corresponds  to  6 
mrad  when  collimating  the  photon  beam  before  the  detec¬ 
tor  with  ±1  mrad.  Photon  enhancement  persists  beyond 


the  nominal  Lindhard  angle  for  2  GeV  (1  mrad).  This 
is  connected  mainly  with  the  contribution  to  the  radia¬ 
tion  process  of  above-barrier  particles,  i.e.  slightly  beyond 
channeling  conditions.  This  has  been  previously  observed 
in  other  experiments  [11]. 

Enhancement  in  photon  production  is  slightly  below 
computed  estimates. 

These  first  results  constitute  quite  encouraging  obser¬ 
vations  concerning  the  photon  radiation.  They  could  be 
improved  in  the  future  particularly  by  background  sub¬ 
traction.  ' 

Nevertheless,  the  enhancement  of  the  photon  yield  al¬ 
lows  equivalent  improvement  in  positron  production  if  one 
refers  to  shower  simulations. 

A  rough  estimate  of  the  cumulated  number  of  inci¬ 
dent  particles  on  the  crystal  shows  a  total  fluence  of 
~  I0li  electrons/ mm3 .  No  radiation  damage  is  observed. 

Further  measurements  are  foreseen. 
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Abstract 

Nickel  and  compressed  rhenium  powder  targets  have 
been  installed  in  the  FNAL  antiproton  source  target  sta¬ 
tion.  Ni  was  chosen  for  its  high  melting  point  energy  and 
resistance  to  stress  wave  fractures.  As  well,  compressed 
powdered  rhenium  segments  were  constrained  by  a  thin- 
wan  Ti  jacket  to  insure  resistance  to  stress  fractures.  The  p 
yield  of  these  new  targets  is  compared  with  that  of  copper- 
the  previous  standard  production  target.  The  target  de¬ 
pletion  characteristics  of  nickel  and  rhenium  for  a  beam 
intensity  of  1.6  x  1012  protons  per  pulse  are  also  presented. 

I.  Introduction 

The  requirements  placed  on  the  antiproton  produc¬ 
tion  target  at  Fermilab  become  more  stringent  as  the  linac 
upgrade  and  Main  Injector  projects  come  to  fruition.  To 
understand  how  to  meet  the  yield  and  durability  require¬ 
ments  that  these  projects  will  impose,  a  variety  of  targets 
have  been  considered.  The  targets  which  were  installed 
for  production  and  study  in  February  of  1992  were  select¬ 
ed  carefully  based  on  their  material  properties. 

The  properties  which  are  the  most  interesting  are  yield 
strength,  melting  point  and  shock  wave  limit  energies  and 
the  Gruneisen  parameter  (which  relates  the  differential 
pressure  to  energy  changes).  Ideally,  one  would  like  to  have 
a  target  material  with  a  high  yield  strength  and  shock  wave 
limit  energy,  but  a  small  Gruneisen  parameter  to  minimise 
local  pressure  gradients.  The  melting  point  energy  should 
be  as  high  as  is  necessary  to  eliminate  or  at  least  minimise 
localised  melting  at  the  beam  spot  for  a  single  beam  pulse. 
Melting  will  reduce  the  density  thus  diminishing  the  yield. 
Data  for  various  target  materials  are  given  in  Table  1. 

Calculating  the  expected  yields  for  various  targets  is 
difficult.  Efforts  in  the  past  have  produced  results  which 
are  only  within  a  factor  of  2  of  measured  yields1.  The  an¬ 
tiproton  yield  is  only  weakly  dependent  on  the  absorption 
length(table  1)  complicating  even  relative  yield  estimates. 
As  more  data  is  collected,  modeling  elforts  will  show  im¬ 
proved  results.  Qualitative  statements  can  however  be 
made  regarding  the  material  dependence  of  p  production. 
While  targets  with  shorter  absorption  lengths  experience  a 
greater  number  of  interactions  with  120  GeV  protons,  the 
yield  gain  is  tempered  by  the  greater  fraction  of  produced 
jJs  which  are  re-absorbed  in  the  target.  Also,  primaries 
from  proton-nucleon  inelastic  scattering  and  secondaries 

*  Operated  by  the  Universities  Research  Association  un¬ 
der  contract  with  the  U.S.  Department  of  Energy 
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Table  1 

Target  Material  Properties 


T*» 

fridiaw 

Bheiiia 

Tu|ria 

rtcM 

Canmr 

boo 

A*/0 

.255 

.271 

.285 

.487 

444 

.400 

Mdtiof  Pt.  E(J/gm) 

458 

614 

684 

1044 

018 

1080 

Yield  StM*lh(P*) 

180000 

270000 

500000 

280000 

72000 

124000 

«T(P»  U/J) 

80600 

66000 

21000 

isooo 

17200 

12000 

Shock  Wave  Limit(J/fm) 

200 

000 

from  primary  hadron-nucleon  interactions  both  contribute 
to  the  p  yield.  The  admixture  ofthese  processes  is  both  ge¬ 
ometry  and  material  dependent.  Figure  1  shows  the  target 
stack  geometry  which  was  used  for  this  experiment. 

In  p  production  running,  a  120  GeV  beam  of  1.6  x  1012 
protons  per  pulse  (80  full  bunches  per  pulse)  impinges  on 
a  selected  target.  A  lithium  lens  approximately  20  cm 
downstream  collects  and  focuses  the  8  GeV  secondaries. 
These  secondaries  are  then  kicked  horisontally  3  degrees 
by  a  pulsed  dipole  into  the  aperture  of  the  AP2  beamline 
and  transported  to  the  Debuncher  storage  ring. 

During  optimum  running  conditions,  there  may  be  as 
many  as  2.1  x  1012  protons  per  pulse  on  target  and  the 
operating  gradient  of  the  lithium  collection  lens  may  be 
as  high  as  890  T/m.  Under  such  conditions,  the  measured 
absolute  yield  into  the  Debuncher  was  measured  to  be  1.9  x 
10“*  pfp  or  4.0/iA  of  current  per  pulse. 

II.  Measurements 

A .  >  x  d  Measurements 

The  yield  measurements  were  made  in  the  Debunch¬ 
er  using  both  a  dynamic  signal  analyser(dsa)  and  a  d.c. 
beam  current  transformer(dcct).  The  signal  analyser  does 
an  FFT  of  the  longitudinal  Schottky  power  spectrum  and 
integrates  it  over  a  specified  bandwidth.  The  signal  analys¬ 
er  is  calibrated  to  the  dcct  and  is  accurate  to  a  few  percent. 
A  summary  of  the  results  may  be  found  in  Table  2.  The 
yield  is  normalised  to  the  proton  intensity  on  target  as 
given  by  the  toroid  in  the  120  GeV  beamline(APl)  closest 
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Shaft 


Figure  1. Target  Stack.  Note  that  the  target  stack  has  ver¬ 
tical  motion  for  changing  targets,  horisontal  motion  per¬ 
pendicular  to  the  beam  for  changing  the  length  of  target 
which  the  beam  intersects  and  motion  along  the  beam  so 
that  the  lens  focal  point  may  be  varied.  The  beam  direc¬ 
tion  is  into  the  page. 

Table  2 

Yield  Data  Normalised  to  Ni 


Material 

DSA/AP1  Toroid 

DCCT/AP1  Toroid 

Nickel 

1.000 

1.000 

Copper 

0.979 

0.997 

Rhenium 

0.994 

0.998 

to  the  target.  These  data  show  no  statistically  significant 
differences  between  the  p  yields  of  the  three  targets. 

B.  Target  Edge  Yield  Study 

The  p  yield  was  measured  when  the  beam  hit  near  the 
interface  between  copper  and  aluminum.  Copper  is  much 
denser  than  aluminum.  The  study  attempted  to  find  out 
whether  or  not  the  yield  was  enhanced  by  allowing  roughly 
a  third  of  the  solid  angle  of  primarily  produced  pa  to  escape 
through  a  lighter  material  thus  lowering  the  probability  of 


2.4  2.5  2.6  2.7  2.8 

Vertical  Coordinate(inch) 


Figure  2.  Yield  enhancement  at  the  target  vertical  edge. 

p  absorption.  At  the  same  time  however,  the  probability 
of  producing  pa  from  energetic  pions  is  reduced  because 
these  will  also  escape  through  the  aluminum  with  a  much 
lower  probability  of  inelastic  interaction. 

To  compare  with  theoretical  predictions  which  ignore 
secondary  p  production,  the  collection  lens  was  focused  on 
the  upstream  end  of  the  target.  Here,  a  larger  fraction  of 
the  pa  produced  would  be  primary  hadrons.  Figure  2  shows 
that  edge  enhancement  on  the  order  of  4-5  %  is  observed. 
The  overall  yield  is  however  reduced  by  30  %.  Future  stud¬ 
ies  will  include  a  1  mm  diameter  wire  target  which  should 
further  enhance  this  effect  and  possibly  increase  the  overall 
p  yield. 

C.  Target  Density  Depletion  Study 

A  large  energy  deposition  on  target  is  expected  to  lo¬ 
cally  melt  target  materials.  This  will  result  in  a  diminished 
hadron  yield  from  those  bunches  of  protons  which  arrive 
after  this  melting  has  occurred.  Since  rhenium  has  a  cal¬ 
culated  melting  point  energy  below  our  energy  deposition 
level,  we  performed  a  study  to  demonstrate  density  deple¬ 
tion  using  this  target. 

The  FNAL  Main  Ring  provided  a  beam  with  an  in¬ 
tensity  of  1.6  x  101J  protons  per  pulse  and  a  transverse 
width(<r)  of  .14  mm  on  target.  Using  a  resistive  wall  mon¬ 
itor  in  the  Debuncher  ,  the  bunch  structure  of  the  beam 
during  the  first  turn  was  measured.  As  well,  a  similar 
wall  monitor  was  used  to  measure  the  incoming  proton 
bunch  structure.  By  integrating  the  individual  bunches, 
the  charge  associated  with  each  bunch  was  determined. 
Comparing  the  production  bunch  charge  with  the  corre¬ 
sponding  proton  bunch  charge  provides  a  measure  of  the 
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Bunch  Charge  vs.  Bunch  Number(Rhenium  Target) 


Figure  3.  'Yield  vs.  Bunch  Length 

yield.  The  charge  in  arbitrary  units  for  protons  on  tar¬ 
get  and  >9  =  1  particles  in  the  Debuncher  as  a  function 
of  bunch  number  is  given  in  figure  3.  The  yield  from  the 
last  25  %  of  the  bunches  shows  an  obvious  deficit  which 
increases  with  bunch  number.  By  the  eightieth  bunch,  the 
yield  is  down  8%  ±  4%  as  compared  with  the  first. 

Also  interesting  is  the  number  of  bunches  which  hit 
the  target  before  the  yield  began  to  drop.  The  yield  began 
to  drop  after  45±5  bunches  or  after  a  Casim  calculated 
energy  deposition  of  600±65J/pm.  This  is  consistent  with 
the  melting  point  energy  for  rhenium  from  table  1  of  614 
J/gm.  A  more  sophisticated  model  assuming  the  relation¬ 
ship  dp/dT  =  —  .OOOlp  for  liquid  rhenium  and  a  25%  beam 
absorption  rate  in  the  central  beam  region  predicts  that 
Ap/p  =  —21%.  Since  the  melting  point  of  rhenium  is 
3180*C  and  a  density  drop  of  this  magnitude  correspond- 
s  to  a  temperature  of  5280®C,  this  implies  that  the  the 
melting  began  after  60%  of  the  pulse  hit  the  target.  This 
is  once  again  consistent  with  the  data. 

Analysis  of  the  target  station  airborne  radiation  mon¬ 
itor  filter  revealed  the  presence  of  radionnclides(largely  io¬ 
dine,  with  smaller  amounts  of  tellurium,  sodium  and  potas¬ 
sium)  in  the  airborne  radiation  monitor3.  The  total  release 
was  quite  small(  about  5  mCi).  This  release  is  a  by-product 
of  the  spallation  reactions  between  the  120  GeV  protons 
and  the  target  nuclei3  and  the  subsequent  nuclear  fission. 
These  reactions  produce  noble  gases(  xenon  in  this  case) 
and  result  in  void  formation,swelling  and  embrittlement 
of  solid  target  materials.  We  hypothesise  that  the  xenon, 
normally  trapped  in  the  solid  metal  target,  was  released 
as  the  target  melted  and  escaped  through  the  voids  in  the 


pressed-powder  target  material  and  the  seams  of  the  titani¬ 
um  can.  Radioactive  xenon  nuclei  would  then  have  decayed 
to  the  daughter  products  observed(iodine  and  tellurium). 
A  similar,  although  much  smaller,  release  occurred  with 
an  intensity  of  1.2  x  1013  protons  per  pulse. 

It  should  be  noted  that  no  target  depletion  effects 
were  observed  for  Ni(  the  standard  production  target  at 
this  time).  This  is  what  one  would  expect  since  the  ener¬ 
gy  deposition  in  Ni  for  an  intensity  of  1.6  x  1013  protons 
per  pulse  is  615  J/gm  while  the  melting  point  energy  is 
1100  J/gm. 

IV.  Conclusions 

From  the  measurements  made,  one  can  conclude  that 
the  yields  from  quite  different  materials-  Ni  and  Cu  as  com¬ 
pared  with  Re,  are  similar.  Also,  the  calculations  and  mea¬ 
surements  made  were  in  agreement  on  the  issue  of  target 
density  depletion.  The  yield  enhancement  measuremen- 
t  leads  naturally  to  a  more  sophisticated  target  geometry 
experiment.  Specifically,  a  wire  target  surrounded  by  a  low 
x  material  will  be  constructed  sometime  in  the  future  to 
get  more  data  on  the  admixture  of  primary  and  secondary 
yield  contributions.  Further  work,  both  theoretical(Monte 
Carlo)  and  experimental  is  planned  to  improve  the  un¬ 
derstanding  of  p  production.  This  work  will  lead  to  the 
optimisation  of  future  target  and  collection  lens  designs. 
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1.  Introduction 

Remotely  manipulated  solid  target  systems  have 
been  developed  at  TR1UMF  for  the  production  of  201T1, 
67Ga,  luIn  and  57Co  radioisotopes.  An  extension  of 
these  systems  to  accept  a  400  /iA  30  MeV  proton  beam 
has  been  designed.  The  design  criteria  included  keep¬ 
ing  the  temperature  of  the  water-cooled  silver  face  of 
the  target  below  140°  during  irradiation.  A  combination 
of  computer  modeling  and  actual  measurements  employ¬ 
ing  thermocouples  indicate  the  temperature  to  be  signif¬ 
icantly  lower  thereby  permitting  even  higher  beam  cur¬ 
rents.  This  paper  will  present  these  results  and  conclu¬ 
sions  and  also  summarise  the  refinements  and  changes 
made  to  the  hardware  of  the  target  stations  and  trans¬ 
fer  system  which  feature  high  radiation  hardness  compo¬ 
nents  to  minimize  maintenance  and  improve  reliability. 


2.  Isotope  Production  at  TRIUMF 

Two  isotope  production  cyclotrons  (42  and  30  MeV) 
are  operated  at  TRIUMF  for  Nordion  Int.  Inc.  A  total 
of  four  external  beam  solid  target  stations  are  in  use 
(in  addition  to  gas  and  PET  targets).  The  solid  target 
irradiation  and  transfer  system  was  designed  and  built 
at  TRIUMF  a  decade  ago  and  a  few  minor  improvements 
have  been  made  over  the  years  of  operating  these  systems 
although  the  basic  concept  has  remained  the  same  [1,2]. 

A  new  target  system  [3]  is  being  designed  which, 
while  still  being  based  on  the  existing  setup,  incorpo¬ 
rates  several  significant  changes  and  improvements  fol¬ 
lowing  past  experience  and  the  demand  arising  from  the 
increase  in  beam  capacity  available  (up  from  6  to  12  kW 
per  beamline).  Construction  of  a  prototype  station  was 
started  last  year  with  completion  and  installation  sched¬ 
uled  for  later  this  year. 
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3.  Target 

Figure  1  shows  an  unassembled  12  kW  solid  target 
with  its  shuttle  in  the  background: 


Fig.  1.  The  new  400 A/30  MeV  (12kW)  target. 

The  target  is  assembled  from  two  major  compo¬ 
nents:  a  pure  silver  substrate  incorporating  integral  wa¬ 
ter  cooling  channels,  and  a  copper  plated  aluminum 
body.  These  two  parts  are  soldered  together  to  form 
one  assembly.  The  target  material  is  electroplated  onto 
the  silver  face  and  exposed  to  the  particle  beam  at  a  7° 
angle  to  spread  the  beam  out  over  the  43  x  100  mm2  ac¬ 
tive  area.  The  cooling  water  flow  patters  was  optimized 

*On  leave  from  the  National  Accelerator  Center,  Faure,  S.  Africa. 
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by  the  shape  of  the  cooling  channels  in  the  silver  to  keep 
the  surface  temperature  below  140°  at  the  center  for  a 
12  kW  beam.  This  criterion  is  essential  where  low  melt¬ 
ing  point  target  materials  are  used.  In  practice,  400/iA 
represents  about  90%  of  the  beam  at  the  target  station 
since  about  10%  of  the  beam  is  trimmed  off  on  four  col¬ 
limators  which  form  a  rectangle  shadowing  the  edges  of 
the  target  face.  After  the  removal  of  the  electroplated 
target  material  these  targets  can  be  reused  (about  10 
times)  after  a  short  cooldown  period. 


4.  Target  Station 


The  station  is  shown  in  Figs.  2  and  3.  Three  mod¬ 
ular  subassemblies  are  mounted  on  an  aluminum  stand: 


Fig.  2.  The  higher  power  (12kW)  solid  target  station. 


landing  terminal,  vacuum/irradiation  chamber  and  ma¬ 
nipulator.  By  designing  the  target  in  such  a  way  as  to 
take  maximum  advantage  of  the  geometrical  limitations 
imposed  by  the  existing  hot  cell  receive  terminals  and 
the  transfer  lines  to  the  irradiation  areas  it  was  possi¬ 
ble  to  leave  these  components  of  the  solid  target  system 


unchanged. 
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Fig.  3.  Front  elevation  and  top  view  of  the  12  kW  target 
station. 

During  operation  the  target  (in  its  shuttle  or  “rab¬ 
bit”)  is  transferred  via  an  air  chute  between  the  hot  cell 
terminal  and  the  target  station.  Its  progress  along  the 
transfer  line  is  monitored  by  a  series  of  detectors  actu¬ 
ated  by  a  permanent  magnet  attached  to  the  rabbit.  The 
final  detector,  located  close  to  the  station,  actuates  a  re¬ 
verse  air  flow  inside  the  landing  terminal  which  acts  to 
slow  the  rabbit  to  a  “soft  landing” .  During  its  descent 
the  rabbit  is  oriented  the  required  way  (i.e.  to  face  the 
extraction  manipulator)  by  permanent  magnets  placed 
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inside  the  terminal  walls. 

As  the  target  is  removed  from  the  rabbit  by  the  ma¬ 
nipulator  grabber  cooling  water  connections  are  engaged. 
After  the  empty  rabbit  is  returned  to  the  receive  termi¬ 
nal  in  the  hot  cell  the  target  is  moved  into  the  irradiation 
position  in  the  vacuum  chamber  and  the  chamber  is  then 
pumped  down  before  beam  is  put  on  the  target. 

The  complete  operational  cycle,  as  well  as  all  inter¬ 
locks,  are  controlled  by  an  industrial  programmable  logic 
controller.  Typically,  complete  target  changes  from  the 
end  of  an  irradiation  on  a  target  to  the  start  of  beam  on 
the  subsequent  target  take  about  20  mins. 

5.  Radiation  Hardness 

Past  experience  with  the  existing  6kW  target  system 
has  shown  some  downtime  caused  by  radiation  damage 
to  certain  components.  Bea  mg  this  in  mind  the  present 
high  current  design  had  the  aim  of  minimizing  this  dam¬ 
age  by  prudent  choice  of  materials  and  locations  of  com¬ 
ponents  with  respect  to  the  beam  and  target.  Pneumatic 
cylinders,  for  example,  are  fitted  with  graphite  pistons 
and  rod  seals.  The  vacuum  chamber  employs  metal  seals 
in  specially  designed  seats  (Helicoflex)  on  all  ports  except 
the  target  flange.  The  elastomer  O-ring  on  the  target 
is  used  only  for  one  irradiation.  Electrical  isolation  is 
achieved  by  hard  anodizing  on  aluminum  or  polyimide 
plastic  (“Vespel”  from  Dupont)  components. 

Long-term  testing  under  actual  operating  conditions 
for  these  materials  (as  well  as  others  chosen  for  electrical 
wiring,  water  connections,  etc.  )  proved  their  radiation 
hardness  and  suitability  for  this  application. 

6.  Target  surface  temperature 

An  essential  parameter  in  the  target  design  was  the 
surface  temperature  which  should  be  kept  below  140° 
()].  Finite  element  analyses  were  made  [4]  of  the  heat 
flux  and  temperature  distributions  in  the  solid  targets 
under  different  operational  conditions.  The  existing  tar¬ 
get  configuration  and  operational  parameters  were  taken 
as  a  departure  point  and  the  various  parameters  were 
varied  in  order  to  establish  limitations  and  ways  of  im¬ 
proving  the  thermal  performance  of  the  design. 

To  actually  measure  the  temperature  a  special  tar¬ 
get  was  constructed.  The  silver  face  was  coated  with 
kapton  except  for  certain  spots  which  were  masked  off. 
The  kapton  was  then  cured  and  a  thin  layer  of  nickel 
was  plated  on  top  to  produce  a  series  of  Ni/Ag  thermal 
junctions  with  which  the  actual  surface  temperature  (at 
the  various  locations)  could  be  directly  measured.  The 
concept  was  tested  on  a  running  production  target  up  to 
7.5  kW  and  will  be  repeated  up  to  12  kW  or  more  when 
the  high  current  target  system  is  in  place.  Extrapolation 
of  the  results  (see  Fig.  4)  indicate  a  surface  temperature 


actually  lower  than  that  expected  by  calculation.  We  an¬ 
ticipate  a  temperature  rise  of  70°  above  that  of  the  inlet 
cooling  water  (  20°). 


Beom  Intensity  =  29  uA/cm2;  Beomspill  =  10% 


Woter  Flow  Rote  (L/min) 


Fig.  4.  Surface  temperature  predictions  and  measurements. 

7.  Conclusion 

The  existing  solid  target  system  at  TRIUMF  will 
be  replaced  with  a  high  power  system  in  the  near  fu¬ 
ture.  This  will  permit  full  usage  of  the  beam  available 
from  high  current  cyclotrons  such  as  the  EBCO  TR30, 
installed  at  TRIUMF  two  years  ago. 
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ISOSPIN  TARGET-ION  SOURCE  SHIELDING 
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We  will  study  a  shielding 
casemate  built  closely  around  an 
isospin  target  for  a  radiation  level 
of  1  mrem/h  (2.778  n/sec.cnr) ,  i.e. 
one  where  people  can  work  8  hours  a 
dav.  We  assume  a  proton  beam  of  6.25 
10H  p/sec. ,  and  an  energy  of  600  MeV, 
i.e.  a  beam  power  of  60  KW.  Taking 
the  values  measured  at  CERN  for  a 
beam  of  this  energy,  we  find  a 
secondary  high  energy  neutron 
production  of  .6  per  steradian  and 
proton  at  0°,  .1  at  60°  and  .04  at  90° 
from  the  forward  direction.  One 
calculates  the  following  numbers  of 
mean  free  paths  to  attenuate  the 
resulting  neutron  fluxes  to  the  value 
mentioned  above:  20.6  at  0°  and 

18.76  at  60°  for  a  distance  of  4 
meters  and  18.42  at  90°  for  a 
distance  of  3  m.  To  keep  dimensions 
small,  we  will  take  steel,  and 
surround  it  with  3  ft.  of  ordinary 
concrete  (2  mean  free  paths)  to 
absorb  the  iron  window  neutrons. 
Then  we  find  the  thicknesses  of  steel 
needed:  3.23  at  0°,  2.91  m  at  60°  and 
2.84  m  at  90°.  The  bunker  would  have 
the  shape  shown  in  figs.  1  (plan),  2 
(transverse  section) ,  3  (longitudinal 
section) .  The  shielding  needed  on 
top  can  be  calculated  to  be  14.4  mfp 
for  skyshine  to  have  25  mrem/yr  at  a 
site  boundary  50  meters  away,  which 
can  be  divided  in  2.15  m  of  steel  and 
0.9  m  of  concrete.  The  philosophy  of 
placing  the  whole  shielding  at  the 
target  gives  the  minimum  shielding 
volume  and  dimensions.  When  this  is 
achieved,  one  has  more  freedom  in  the 
placement  of  several  target  stations 
to  be  served  by  the  same  accelerator, 
and  to  engineer  the  front  end  in 
order  to  distribute  the  radioactive 
beams  from  the  different  ion-sources 
to  all  the  analyzing  systems. 
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Abstract 

A  cascade  raster  system  will  be  used  in  Hall  C  at  CEBAF 
to  generate  a  variable  rastering  pattern  on  the  polarised 
target,  the  cryogenic  hydrogen  target,  and  the  beam  damp 
with  adjustable  frequency  up  to  10  kHs  and  variable  de¬ 
flection  angle  from  0.05  mr  to  1  mr.  Each  raster  consists  of 
two  air-core  bedstead  coils  providing  transverse  and  verti¬ 
cal  scans.  The  magnets  axe  energised  by  individual  MOS 
power  amplifiers  controlled  by  a  scan  generator  which  de¬ 
termines  frequency,  amplitude,  and  phase  shift  between 
the  cascade  rasters. 

I.  Introduction 

A.  Heating  effect  in  the  solid  target 

Assume  that  a  beam  current  is  200  pA  and  the  target  pe¬ 
riphery  is  kept  fixed  at  the  initial  target  temperature  20 
K.  The  beam  spot  sise  is  about  0.2  mm  diameter.  A  thin 
molybdenum  target  of  2x2  cm3  is  considered.  The  target 
thickness  is  0.2  mm,  which  corresponds  to  about  0.15%  ra¬ 
diation  length  (0.204  g/cm3)  for  molybdenum.  In  this  case 
thermal  conduction  through  the  metal  target  material  and 
the  metal  frame  is  considered  as  the  major  means  of  releas¬ 
ing  the  heat  deposited  by  the  beam.  With  eliminating  the 
blackbody  thermal  radiation  the  steady  state  beam  spot 
temperature  reachs  2500  K  when  the  beam  spot  is  fixed  at 
the  center  of  the  target.  If  the  beam  scans  the  target  with 
a  sinusoidal  motion  having  frequency  100  Hs  and  ampli¬ 
tude  9.6  mm  in  one  direction,  the  steady  temperature  is 
about  300  K  over  the  target  area  except  the  four  vertex 
points  of  the  motion  [1].  A  further  simulation  by  [2]  shows 
that  if  a  fast  two  dimensional  rastering  (/j  =  2  kHs  and 
/j  =  0.1176  kHs)  is  applied  to  an  aluminium  target  (20 
mm  x  20  mm),  the  temperature  distribution  on  the  target 
will  be  quickly  saturated  after  1  second  exposure  to  200 
pA  electron  beam.  The  temperature  rise  At  is  below  70 
K  at  an  initial  temperature  300  K.  For  the  iron  target  a 

'This  work  wai  supported  by  the  U.S.  Deportment  of  Energy, 
under  contract  No.  DE-AC05-84ER40150. 


temperature  rise  of  500  K  occurs  due  to  the  worse  termal 
conductivity  and  the  smaller  specific  heat. 

B.  Heating  effect  in  the  cryogenic  target 

In  the  case  of  a  10  cm  liquid  hydrogen  target  operating  at 
20  K  the  power  dissipation  due  to  the  energy  loss  in  the 
target  cell  by  200  pA  beam  is  about  1  kW.  The  liquid  hy¬ 
drogen  is  overheated  by  the  depossited  beam  energy  and 
bubbles  are  formed,  therefore,  a  density  variation  is  even¬ 
tually  generated.  In  order  to  minimise  this  bubble  forma¬ 
tion  effect  and  reduce  forced  flow  velocity  to  a  reasonable 
level  (1  to  10  m/s),  the  best  solution  is  beam  rastering. 
The  global  and  local  beam  heating  analysis  by  [3]  shows  a 
18  kHs  rastering  with  2  mm  amplitude  is  preferable. 

C.  Heating  effect  in  the  beam  dump 

As  discussed  by  [4],  for  an  instantaneous  spot  sise  of  100 
pm,  the  critical  time  constant  for  drilling  a  hole  into  the 
window  is  100  ps.  Also,  any  window  material  loses  its 
strength  after  an  energy  deposition  of  1018  ergs/gram  by 
the  beam.  Therefore,  the  rastering  speed  and  pattern  have 
to  be  selected  carefully  to  avoid  long  dwell  times.  Tenta¬ 
tively,  a  spot  sise  of  4x4  cm3  at  the  dump  was  adopted. 
The  spot  sise  at  the  beam  dump  entrance  can  be  increased 
nearly  arbitrarily  by  using  high  speed  magnetic  rastering. 

D.  Hastering  on  the  polarized  target 

The  polarised  target  will  have  a  useful  width  and  height  of 
2.5  cm.  To  make  full  use  of  it,  the  rastering  of  the  beam 
on  the  target  should  cover  at  least  2.5  x  2.5  cm3  [5].  An 
adjustable  offset  of  rastering  current  is  desirable  for  the 
beam  alignment.  In  the  polarised  target  experiment  the 
current  density  is  only  100  nA;  it  is  reasonable  to  require 
1  kHs  rastering.  The  Moller  polarimeter  requires  a  linear 
rastering  pattern  on  the  iron  target  with  amplitude  of  2 
mm  instead  of  moving  the  target  [6].  The  linear  scan  of 
the  beam  will  effectively  reduce  the  temperature  rise  of 
the  target  and  keep  the  polarisation  at  a  higher  level  in 
the  beam  current  range  from  10  to  100  pA. 

Table  1  gives  rastering  parameters  required  by  different 
target  materials. 
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Table  1:  Raster  frequency  and  amplitude,  FR:  fast  raster, 
SR:  slow  raster 


Parameter 

Cryogenic 

Target 

Polarised 

Targt 

Beam  Dump 
materials 

Podtion(m) 

146.25 

146.25 

200.65 

Current  (jtA) 

200 

0.1 

200 

Area  (cm2) 

0.2x0.2 

2.5x2.5 

4x4 

Frequency(kHs) 

10-18 

0.1-1 

0.1 

Operation 

FR 

FR+SR 

SR 

Table  2:  Specification  of  SR  and  FR  magnets 


Design  Parameter 

SR 

FR 

Central  field  (Gauss) 

438.8 

80.1 

Bending  angle  at  6  GeV 

0.84  mr 

0.0588 

/  Bdl  (kG  cm) 

16.8 

1.2 

Fidd  uniformity 

lO'3 

lO"3 

Effective  length  (cm) 

38.34 

15 

Physical  dimension  (cm) 

48 

25 

Inner  radius  (cm) 

1.905 

1.27 

Number  of  turns 

200 

20 

Ampere-turns  (A-T) 

4000 

240 

Current  density  (A/cm3) 

148 

100 

Stored  energy  (Joules) 

6.944 

0.0167 

Inductance  (H) 

34.7x10-* 

84x10"* 

DC  resistance  (O) 

0.916 

3.02x10'* 

RMS  power  (kW) 

2.18 

0.528 

Type  of  conductors 

Awg  8 

Lits 

Rastering  frequency  (Hs) 

60 

10,000 

II.  Raster  Magnet  Design  by 
TOSCA 


Two  bedstead  air  core  coils  are  used  as  the  raster  magnets. 
Based  on  TOSCA  calculation,  the  specifications  of  these 
coils  are  listed  in  Table  2. 

The  geometry  of  the  raster  magnet  is  shown  in  Figure 
1.  The  bedstead  shape  of  the  raster  coil  will  generate  a 
larger  uniform  field  region  and  keep  the  high  order  field 
components,  mainly  the  sextupole  component,  as  small  as 
possible.  In  order  to  reach  a  higher  rastering  frequency 
up  to  10  kHs,  neither  iron  nor  laminate  iron  material  can 
be  used  as  the  raster  magnet.  A  ferrite  magnet  is  also  not 
preferable  because  its  small  hysteresis  makes  it  difficult  for 
phase  control. 


Figure  1:  TOSCA  layout  of  the  fast  raster  raster  magnet 
(FR). 


III.  Frequency  Charasteristics 
of  Raster  Coil 

A  triangle  waveform  is  selected  to  drive  the  raster  coil. 
Based  on  the  Fourier  theorem,  an  arbitary  function  F(x) 
can  be  expressed 


OO 

F(x)  —  y^Ansin  nw„x  +  Bn  cos  nunx]  (1) 
»=1 

where  un  =  2  x/„,  the  amplitude  of  the  n-harmonic  is 
V-An  +  Bn  and  the  intensity  of  the  n-harmonic  is  A^+B*. 
In  the  case  of  an  identical  triangle  waveform 


V  = 


{ 


-T-x  -T  <  x  <  — T/2 
*  -T/2  <  x  <  T/2 

T-x  T-x <x<T 


the  Fourier  expension  of  the  triangle  waveform  is 


4T^  (-1)"-*  (2n  —  l)wg 

V  **  “t  (2n  “  1)3  T 


(2) 

(3) 


25 


•  t5xx\ 

■“(-jT)-- 


(4) 


therefore,  the  ratios  of  the  amplitudes  and  the  intensities 
of  the  first,  the  third,  and  the  fifth  harmonic  compoenets 
are  1  :  |  ^  and  1  :  jj  :  555  respectively. 

The  20  kHs  triangle  waveform  generated  from  the  Tek¬ 
tronix  FG  501A  2  MHs  function  generator  was  experimen¬ 
tally  analysed  by  an  HP  network  analyser.  The  frequency 
spectrum  is  displayed  in  Figure  2.  The  ratio  of  relative  am¬ 
plitudes  of  the  fundamental  frequency  and  the  third  and 
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Figure  2:  Frequency  spectrum  of  the  triangle  waveform 


Figure  3:  The  raster  system  in  Hall  C  beam  line 


the  fifth  harmonics  is  as  the  same  as  the  computation  from 
Fourier  analysis  mentioned  above.  The  frequency  range  of 
a  triangle  waveform  should  cover  3-order  harmonic. 

Losses  in  a  conductor  due  to  the  skin  effect  and  prox¬ 
imity  effect  should  be  considered.  For  the  FR  magneyt, 
a  round  Lits  cable  660/36  is  used  for  the  winding.  For 
the  SR  magnet,  Lits  cable  is  replaced  by  awg  6  solid  cable 
because  the  skin  depth  in  copper  conductors  is  8.6  mm  at 
lower  frequency  (60  Hs). 


beam  at  the  beam  pipe  walls. 

Each  raster  system  consists  of  two  pairs  of  bedstead 
coils,  one  for  horisontal  scan,  another  for  vertical  scan. 
Different  r altering  patterns  have  been  simulated  and  com¬ 
pared  by  two  dimensional  oedllascopic  Lissajous  figures. 
The  best  ratio  (1.721)  of  the  two  r altering  frequencies  was 
found,  which  gives  the  longest  trajectory  traversal  and  fast 
uniform  distribution. 

The  FR  magnet  is  driven  by  PA03  MOS  power  ampli¬ 
fier  (APEX  MICROTECHNOLOGY  CORPORATION), 
which  has  excellent  features  of  high  supply  voltage  (160 
V),  high  output  current  (30  A),  and  high  internal  dissi¬ 
pation  (600  W).  The  SR  magnet  is  driven  by  a  resonance 
circuit,  which  consists  of  a  x-type  LC  resonance  circuits, 
impedance  match  network,  and  low  frequency  power  am¬ 
plifier.  Both  of  those  drivers  are  under  development. 

A  ceramic  duct  should  be  used  as  the  vaccum  pipe  of 
FR  magnet.  The  ceramic  vaccum  duct  avoids  the  heating- 
up  effect  and  the  field  attenuation  due  to  eddy  currents 
induced  by  alternating  magnetic  field.  A  very  thin  metal 
coating  layer  should  be  applied  in  the  inner  wall  of  the 
duct  conducting  the  image  current  produced  by  the  beam. 
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IV.  Operational  performance 

The  Hall  C  raster  system  is  arranged  as  shown  in  Figure 
3. 

A  fast  raster  (FR)  system  is  placed  at  the  entrance  of 
HaD  C,  just  in  front  of  the  first  chicane  magnet  (BE).  With 
a  bending  power  0.0688  mr  at  6  GeV  it  is  able  to  provide 
2x2  mm3  rastering  area  on  the  cryogenic  target.  A  com¬ 
bined  SR  system  which  is  located  in  front  of  the  FR  scans 
the  beam  on  the  polarised  target  with  rastering  area  2.6 x 
2.6  cm3.  The  second  SR  near  the  target  chamber,  exe¬ 
cutes  two  functions:  in  the  absence  of  the  polarised  target 
it  scans  the  beam  to  a  safety  sise  (4x4  cm3)  on  the  beam 
dump,  and  in  the  operation  of  the  polarised  target,  it  de¬ 
rasters  the  beam  with  opposite  phase  in  order  to  reduce 
the  large  ammount  background  generated  from  scattered 
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Abstract 

Pion  and  muon  production  targets  at  the  Clinton  P. 
Anderson  Meson  Physics  Facility  consist  of  rotating  graphite 
wheels.  The  previous  target  thickness  monitoring  procedure 
scanned  the  target  across  a  reduced  intensity  beam  to 
determine  beam  center.  The  fractional  loss  in  current  across 
the  centered  target  gave  a  measure  of  target  thickness.  This 
procedure,  however,  required  interruption  of  beam  delivery  to 
experiments  and  frequently  indicated  a  different  fractional  loss 
than  at  normal  beam  currents.  The  new  monitoring  procedure 
compares  integrated  upstream  and  downstream  toroid  current- 
monitor  readings.  The  current  monitors  are  read  once  per 
minute  aid  the  integral  of  readings  are  logged  once  per  eight- 
hour  shift  Changes  in  the  upstream  to  downstream  fractional 
difference  provide  a  nonintrusive  continuous  measurement  of 
target  thickness  under  normal  operational  conditions.  Target 
scans  are  now  done  only  when  new  targets  are  installed  or 
when  unexplained  changes  in  the  current  monitor  data  are 
observed. 

I.  INTRODUCTION 

The  Clinton  P.  Anderson  Meson  Physics  Facility  (LAMPF) 
provides  a  high  power  beam  of  up  to  1  mA  of  800  MeV 
protons  to  Experimental  Area  A  production  targets.  Pions, 
muons,  and  neutrinos  are  provided  to  secondary  channels  for 
six  or  more  concurrent  experiments.  The  pion  and  muon 
production  targets  consist  of  rotating  ATJ  graphite  wheels  3- 
to  4-cm  thick.  Figure  1  shows  a  sketch  of  the  production 
target  at  the  A2  location. 


4cm 


Figure  1.  A  cross  section  of  the  A2  production  target. 
The  beam  passes  through  the  4-cm-thick  rim.  The 
nonrectanguiar  shape  of  the  rim  optimizes  production  of 
muons  and  pions  relative  to  the  secondary  channel 
acceptance. 


During  recent  operating  periods  at  LAMPF,  a  vacuum  leak 
in  the  A2  target  box  has  caused  abnormally  rapid  erosion  in 
the  thickness  of  the  A2  target.  The  erosion  produces  pits 
going  completely  through  the  thin  edges  of  the  target,  which 
in  one  case  reduced  the  effective  target  thickness  by  50%. 
Large  segments  have  broken  off  when  the  erosion  was 
allowed  to  continue  too  long.  Target  replacement  makes 
beam  unavailable  to  experiments  for  up  to  three  days  to  allow 
short-lived  activation  to  die  down,  removal  of  the  old  target, 
installation  of  a  new  target,  vacuum  pump  down  and  retuning 
the  beam. 

Attempts  to  fix  the  vacuum  leak  have  beat  unsuccessful 
and  a  complete  replacement  of  the  target  box  is  planned. 
Until  this  replacement  is  performed,  however,  it  is  necessary 
to  optimize  running  conditions  for  experiments.  Erosion  of 
the  A2  target  reduces  pion  and  muon  fluxes  to  the  two 
experiments  running  off  the  A2  target  Raising  beam  current 
to  compensate  for  reduced  target  thickness  increases  the  rate 
of  erosion  and  forces  a  three-day  beam  off  period  for  six  or 
more  experiments  while  the  target  is  replaced.  Thermal 
fluctuations  in  the  A2  target  box  change  the  vacuum  leak  and 
therefore  erosion  rates,  making  it  difficult  to  pick  a  single 
optimal  operating  current  The  optimal  strategy  would  be  to 
continuously  monitor  the  target,  adjusting  beam  current  for 
maximal  secondary  particle  production  for  experiments  while 
delaying  the  need  for  target  replacement  until  scheduled 
maintenance  periods  when  the  beam  would  be  off  for  other 
reasons. 


n.  Original  Monitoring  Procedure 

The  original  procedure  for  monitoring  target  thickness 
made  use  of  a  Hardware  Transmission  Monitor  [1]  (HWTM), 
which  compared  the  outputs  of  toroidal  current  monitors 
upstream  and  downstream  of  the  target.  The  HWTM 
compares  the  difference  between  the  current  monitors  to  an 
Expected  Loss  set  with  a  potentiometer  on  the  module;  the 
difference  between  the  measured  and  expected  losses  is  the 
Loss  Deviation.  For  the  A2  target,  the  full  4-cm  thickness 
corresponds  to  an  Expected  Loss  of  approximately  12%. 
Variation  in  the  Loss  Deviation  could  indicate 

•  missteering  of  the  beam,  causing  part  of  it  to  miss  the  rim  of 
the  target; 

•  change  in  beam  spot  size  also  causing  part  of  it  to  miss  the 
rim  of  the  target; 

•  shift  in  target  position  with  respect  to  the  beam;  or 

•  change  in  target  thickness. 


*  Work  supported  by  U.  S.  Department  of  Energy  Contract 
W-7405-ENG-36. 
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The  first  two  possibilities  could  be  checked  by  observing  the 
beam  with  wire  scanners  and  harps  without  making  beam 
unavailable  to  experiments.  Target  position  shifts  have  been 
observed,  due  either  to  malfunction  of  the  target  positioning 
mechanism  or  thermal  expansion  of  the  24-foot-long  steel  arm 
that  supports  the  target.  The  original  procedure  checked  all 
four  possibilities: 

1)  Using  wire  scanners  and  harps,  steer  beam  upstream  and 
downstream  of  the  target  to  within  0.1  mm  of  centerline. 
Also  check  spot  sizes. 


2)  Reduce  beam  current  to  70  |iA  to  reduce  thermal  stresses 
on  the  target  in  the  next  step.  This  makes  the  beam 
unsuitable  for  most  experiments. 

3)  Scan  the  target  by  driving  it  across  the  beam,  recording  the 
change  in  beam  loss  as  a  function  of  target  position. 
Figure  2  is  a  plot  of  such  a  scan. 

4)  Cmter  the  target  on  the  beam. 

5)  Reset  HWTM  Expected  Loss  potentiometer  to  give  zero 
Loss  Deviation. 

6)  Raise  beam  current  bock  to  normal  levels  (200-800  |xA  for 
1992  running). 


Figure  2.  Result  of  an  A2  target  scan.  Short  vertical  lines  indicate  the  reproducibility  of  the  data.  The  solid  line  is  a  fit  to 
the  data  based  on  a  Gaussian  beam  profile  convoluted  with  the  shape  of  the  target  The  Gaussian  resulting  from  the  fit  is 
shown  at  the  position  which  centers  the  target  on  beam.  The  centering  position  (1.36  cm)  is  used  in  step  4  of  the  scanning 
procedure.  The  target-shape  model  does  not  include  the  material  in  the  radius  between  the  rim  and  central  web  of  the 
target;  this  causes  the  large  deviation  of  the  fit  from  the  data  near  2.4  cm. 


The  HWTM  Expected  Loss  setting  is  the  measure  of  target 

thickness  from  this  procedure.  The  procedure  has  several 

undesirable  features: 

•  Beam  is  unavailable  to  experiments  for  up  to  half  an  hour. 

•  Scanning  the  target  causes  stresses  in  the  target  drive  and 
rotation  mechanisms.  Failure  of  these  mechanisms  could 
require  up  to  three  days  of  beam  downtime  to  repair. 

•  Scanning  the  target  even  at  low  currents  exposes  the  target 
to  thermal  stresses  as  the  beam  crosses  the  inner  and  outer 
edges  of  the  rim.  Such  stresses  could  prematurely  fracture 
an  eroded  target 

•  The  HWTM  Loss  Deviation  changes  significantly  when  the 
beam  current  is  raised  to  normal  levels.  (This  may  be  due  to 
a  change  in  the  ratio  of  electrons  to  protons  passing  through 
the  current  monitors.  Electrons  are  produced  by  beam  halos 
intercepting  nearby  beam  collimators.)  This  change  makes 
it  difficult  to  interpret  the  meaning  of  later  changes  in  the 
Loss  Deviation. 

•  To  minimize  loss  of  beam  time  for  experiments,  this 
procedure  was  done  no  more  often  than  weekly.  The 
infrequent  measurements  made  accurate  extrapolation  of 
target  lifetime  difficult. 


in.  New  Procedure 

The  new  procedure  also  makes  use  of  the  upstream  and 
downstream  toroidal  current  monitors,  but  samples  the  data 
continuously  and  does  not  make  beam  unsuitable  for 
experiments.  The  current  monitors  are  sampled  by  computer 
once  per  minute,  summed  and  recorded  periodically.  Plotting 
the  fractional  difference  in  upstream  and  downstream  currents 
versus  integrated  current  delivered  to  the  target  then  gives  an 
indication  of  target  thickness.  During  1992,  the  fractional  loss 
was  calculated  daily.  Figure  3  shows  a  plot  of  data  for  the  A2 
target  taken  with  this  procedure  for  the  LAMPF  1992 
operating  period.  Data  were  also  taken  for  the  3 -cm  target  at 
the  A1  location;  better  vacuum  at  A1  resulted  in  no  detectable 
erosion  of  the  A1  target 

The  new  procedure  was  implemented  near  the  end  of  the 
lifetime  of  the  first  A2  target  used  during  1992.  Earlier  data 
for  the  first  target  were  extracted  from  archival  records. 
Because  of  the  continuous  nature  of  this  procedure, 
confidence  in  the  state  of  the  target  was  much  higher  and 
extrapolations  of  thickness  were  considered  more  trustworthy. 
Thus  the  second  target  was  allowed  to  erode  much  further 
than  the  first  before  replacement  Target  scans  were  done 
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A2  Target  Erosion  in  1992 


Integrated  Current  at  A2  Location  (mA-days) 


Figure  3.  The  fractional  current  loss  across  the  A2  target  as  measured  by  the  new  procedure  plotted  against  integrated 
current  on  target  The  fractional  loss  is  a  measure  of  target  thickness.  Also  shown  is  the  fractional  loss  measured  by  the 
old  procedure.  Three  Afferent  targets  were  used  during  1992  running.  The  low  rate  of  erosion  of  the  third  target  was  due 
to  low  beam  currents  (200  pA)  run  during  this  time  petted. 


only  when  new  targets  were  installed.  Plans  were  to  perform 
scans  if  unexplained  changes  in  the  losses  were  observed  to 
check  for  lurches  in  target  position;  however,  no  significant 
deviations  from  gradual  erosion  were  observed  and  no 
intermediate  scans  were  done. 

Based  on  these  data  it  was  possible  to  correlate  target 
erosion  with  beam  current  and  A2  vacuum  pressure.  It  was 
found  that  at  currents  below  500  pA,  target  erosion  was  small 
at  all  pressures  observed.  Below  pressures  of  0.2  microns, 
target  erosion  was  also  very  slow  for  currents  up  to  700  pA. 
However,  for  pressures  above  0.2  microns,  the  erosion  rate 
increased  rapidly  for  beam  currents  above  500  pA. 


IV.  Conclusions 

Use  of  the  new  procedure  provided  greater  confidence  on 
the  status  of  the  A2  target  and  permitted  better  scheduling  of 
beam  currents.  Significant  amounts  of  beam  time  were  saved 


by  avoiding  the  lengthy  target  scan  procedure.  Continuous 
monitoring  of  erosion  also  allowed  correlation  of  with  beam 
current  and  vacuum  pressure. 

Future  uses  of  this  technique  may  include  recording 
current-monitor  data  as  often  as  minute-by-minute  to  better 
understand  short  term  fluctuations  in  die  losses.  Use  of  ion 
chambers  located  near  the  production  targets  will  be 
investigated  to  see  if  data  from  them  can  be  used  as  a  cross 
check  on  the  current  monitor  data.  In  addition  it  may  be 
possible  to  use  pairs  of  current  monitors  upstream  and 
downstream  of  beam  line  collimators  to  better  monitor  beam 
losses  diving  beamline  tuning. 
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Abstract 

A  scraper/collimation  system  is  required  to  localize 
the  beam  loss  in  the  Collider  of  the  Superconducting  Super 
Collider  to  a  few  predefined  locations  and  by  doing  so  to 
minimize  the  irradiation  of  superconducting  magnets,  to 
sustain  favorable  background  conditions  in  the  Interaction 
Regions  (IR),  and  to  reduce  the  impact  of  radiation  on 
other  equipment,  personnel,  and  the  environment.  Results 
of  full-scale  simulation  are  presented  for  various  systematic 
and  accidental  beam  loss. 

I.  INTRODUCTION 

A  fraction  of  the  beam  lost  in  the  Collider  due  to  pp- 
collisions  at  interaction  points,  beam-gas  scattering,  beam 
halo  scraping,  various  instabilities  and  errors  will  result  in 
the  irradiation  of  conventional  and  superconducting  com¬ 
ponents  of  the  machine  [1].  Catastrophic  effects  of  the 
accidental  beam  loss  should  be  minimized  with  some  spe¬ 
cial  measures.  A  very  reliable  beam  collimation  system  is 
required  to  protect  accelerator  equipment  against  irradi¬ 
ation,  to  sustain  favorable  background  conditions  in  the 
IRs,  and  to  reduce  the  impact  of  radiation  on  personnel 
and  the  environment. 

Calculated  beam  loss  rate  due  to  beam-gas  interaction 
is  about  3  x  10s  p/m/s  at  the  baseline  parameters.  It 
is  distributed  almost  uniformly  along  the  Collider.  Local 
sources  such  as  pp-collisions  and  scrapers  add  some  peaks 
to  the  above  "pedestal”.  Results  on  beam  loss  distribution 
in  this  paper  are  presented  for  those  peaks  only. 

II.  SCRAPER  SYSTEM 

The  first  approach  to  the  Collider  beam  scraper  sys¬ 
tem  is  described  in  [2].  Primary  features  follow  Tevatron 
[3],  UNK  [4]  and  LHC  [5]  schemes.  A  current  betatron 
collimation  system  [6]  is  situated  in  the  Collider  west  util¬ 
ity  straight  section  and  consists  of  horizontal  and  vertical 
scrapers  and  a  set  of  collimators  (Figure  1).  Scrapers  and 
collimators  have  movable  jaws  controlled  by  high-precision 
motors.  The  jaws  are  surrounded  with  radiation  shielding. 
Tungsten  targets,  1-mm  thick,  are  used  to  deflect  halo  par¬ 
ticles  deeper  into  the  scraper  front  face.  The  target-scraper 
offset  is  approximately  0.05  mm.  The  essential  part  of  the 

‘Operated  by  the  Universities  Research  Association,  Inc.,  for 
the  U.S.  Department  of  Energy  under  Contract  No.  DE-AC35- 
89ER40486. 
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Figure  1.  Scraper  System  in  the  West  Utility. 


beam  collimation  system  is  a  horizontal  dogleg  structure, 
which  provides  a  complete  interception  of  neutral  and  low- 
energy  charged  particles  out  of  the  scrapers.  The  hori¬ 
zontal  dogleg  is  created  by  two  superconducting  dipoles 
and  a  set  of  warm  magnets  including  symmetric,  asym¬ 
metric  Lambertson,  and  resistive  magnets.  To  provide  a 
fine  tuning  of  the  beam  on  the  scrapers  existing  in  the  util¬ 
ity  straight,  eight  spool  pieces  are  used.  A  high-precision 
feedback  system  will  be  used  to  control  a  scraping  inten¬ 
sity. 

The  expected  scraping  rate  is  rather  high  [6]:  about  1% 
of  intensity  at  the  very  beginning  of  acceleration  and  then 
at  flattop  3  x  109  p/s  over  the  first  15  minutes  and  4  x 
108  p/s  during  the  collisions  (24  hours).  The  overall  design 
of  the  jaws,  cooling  system  and  radiation  shielding  is  not  a 
trivial  engineering  problem.  The  west  utility  straight  has 
near  zero  dispersion,  so  modifications  to  the  east  utility  for 
off-momentum  scraping  are  under  consideration. 

III.  IR  COLLIMATORS 

A  set  of  collimators  is  required  in  the  Interaction  Re¬ 
gions  to  protect  the  final  focus  triplet  and  vertical  bend¬ 
ing  magnets.  The  current  set  for  the  East  IRs  consists  of 
14  collimators  with  movable  jaws  and  4  collimators  of  the 
fixed  aperture.  Optimal  jaw  position  for  the  first  group 
is  20  a  from  the  circulating  beam  axis.  Each  collimator 
includes  a  steel  jaw  3  m  long  surrounded  with  radiation 
shielding. 

The  fixed  aperture  collimators  (CIR01-04)  are  placed 
in  the  experimental  halls  just  upstream  from  the  low-/? 
quadrupoles.  They  deal  with  relatively  low  energy  sec- 
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ondaries  produced  at  the  interaction  points  (IP).  Other 
collimators  intercept  high  energy  protons  (mainly  diffrac¬ 
tive)  produced  in  beam  interactions  all  around  the  ma¬ 
chine.  Collimators  CIR1  and  CIR5  are  used  to  intercept 
secondaries  produced  by  beam-gas  interactions.  For  each 
ring,  one  collimator  (CIR1)  is  situated  upstream  IP  and 
two  more  (CIR2,  CIR3)  —  downstream  IP,  just  down  the 
common  vertical  bending  magnets.  Collimator  CIR4  is 
placed  in  the  middle  of  the  hinge  region  at  a  nonzero  dis¬ 
persion  point.  Collimator  jaw  positions  at  injection  and 
top  energies  are  shown  in  the  Table  1  and  2,  respectively. 

Table  1 

Scraper  and  Collimator  Jaw  Positions  at  Injection. 


Beta 

hor.(m) 

Beta 

ver.(m) 

Position 

hor.(mm) 

Position 

ver.(mm) 

Scraper 

611 

430 

-5.4 

-4.5 

CUT1 

422 

584 

+7.1 

+8.4 

CUT2 

423 

621 

-7.1 

-8.7 

CUT3 

480 

287 

+7.5 

CIR1 

316 

142 

-6.2 

-4.1 

CIR01 

64 

63 

12.5 

12.5 

CIR02 

64 

65 

12.5 

12.5 

CIR2 

178 

462 

-4.6 

-7.5 

CIR3 

140 

222 

-5.2 

CIR4 

103 

185 

-3.5 

CIR5 

318 

141 

-6.2 

-44  j 

CIR03 

63 

65 

12.5 

12.5 

CIR04 

65 

65 

12.5 

12.5 

CIR6 

177 

476 

+4.6 

+7.5  j 

CIR7 

138 

230 

+5.2  j 

Table  2 

Scraper  and  Collimator  Jaw  Positions  at  Top  Energy. 


Beta 

hor.(m) 

Beta 

ver.(m) 

Position 

hor.(mm) 

Position 

ver.(mm) 

Scraper 

611 

430 

-1.7 

-1.4  | 

CUT1 

422 

584 

+2.8 

+3.3 

CUT2 

423 

621 

-2.8 

-Iv4 

CUT3 

480 

287 

+3.0 

CIR1 

4108 

1554 

-8.9 

-5.5 

CIR01 

799 

791 

12.5 

12.5 

CIR02 

791 

799 

12.5 

12.5 

CIR2 

2457 

6389 

-6.7 

-11.0 

CIR3 

1007 

2605 

-7.0 

CIR4 

103 

174 

-1.4 

CIR5 

4097 

1591 

-8.9 

-5.5 

CIR03 

796 

812 

12.5 

12.5 

CIR04 

812 

796 

12.5 

12.5 

CIR6 

2448 

6554 

+6.7 

+11.0 

CIR7 

1001 

2675 

+7.0 

IV.  BEAM  LOSS  DISTRIBUTION 

With  no  movable  collimators  in  the  IRs  a  maximum 
beam  loss  rate  in  superconducting  magnets  due  to  only 


CIR2  C3R8 


Path  Length  (km) 

Figure  2.  Beam  Loss  in  IRs  at  Collisions  (Collimators  are 
ON). 

pp-collisions  is  a  few  times  10s  p/m/s.  Being  added  to 
other  sources  this  exceeds  any  possible  limits  [1,  6].  With 
the  collimators  at  20  a  calculated  beam  loss  distribution  in 
the  IRs  is  shown  in  Figure  2.  Beam  loss  rate  is  decreased 
down  to  (4  —  8)  x  103  p/m/s  at  all  the  IR  superconducting 
magnets.  Most  of  loss  is  intercepted  by  CIR2  and  CIR6 
collimators. 

It  turns  out  that  the  IR  collimators  can't  protect  com¬ 
pletely  the  beta^peak  region  against  protons  outscattered 
of  the  scrapers.  Beam  loss  distributions  due  to  that  compo¬ 
nent  calculated  with  and  without  collimators  are  shown  in 
Figure  3  and  4,  respectively.  Even  with  the  collimators  on, 
beam  loss  rate  in  QL3  quads  is  unacceptably  high.  The 
solution  is  three  additional  collimators  in  the  West  Util¬ 
ity  downstream  of  the  abort  Lambertson’s  magnets.  They 
provide  good  interception  of  most  of  the  scraper  protons. 

V.  ACCIDENTAL  BEAM  LOSS 

The  unsynchronized  injection  and  abort  system  kicker 
misfire/prefire  result  in  the  additional  beam  loss  in  the 
Collider  components.  The  above  collimation  system  is  in¬ 
tended  to  protect  superconducting  magnets  in  those  cases 
also,  if  the  injection  timing  error  is  shorter  than  0.7  fis. 
For  the  larger  errors,  the  injected  beam  is  lost  in  a  few 
superconducting  magnets  causing  the  catastrophic  conse¬ 
quences. 

In  case  of  injection  kicker  misfire,  the  beam  must  be 
aborted  from  the  Collider  within  one  or  two  turns,  because 
the  transverse  damping  system  is  not  designed  to  damp 
injection  beam  displacement  in  this  case  to  an  acceptable 
level.  The  IR  collimators  are  used  to  protect  supercon¬ 
ducting  magnets  in  this  case. 

The  abort  kicker  prefire  results  in  coherent  betatron  os¬ 
cillation  of  the  beam  with  rather  high  amplitude.  Colli¬ 
mator  CIR5  is  used  to  protect  the  low-/?  quads  against  ir- 
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Figure  3.  Beam  loss  in  IRs  at  Scraping  (Collimators  arc 
OFF.) 
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radiation  in  this  event.  Without  that  collimator  the  beam  Q 


loss  rate  in  the  final  focus  triplet  is  50  to  100  tim^t  higher  ^  1.5*10* 
of  the  quench  level. 

3 

VI.  CONCLUSIONS  £  1.0*10* 

The  designed  measures  should  provide  the  reliable  8 
protection  of  superconducting  components  against  exces-  j  enun4 

sive  irradiation.  h  ' 
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Abstract 

A  simple  model  of  RFQ  channel  is  proposed.  The 
model  represents  the  periodic  chain  of  twin  point 
charges  with  a  screw  symmetry  axis  and  alternating  sign 
of  the  charges.  For  this  approach  the  expressions  both 
for  longitudinal  and  azimuthal  potential  harmonics  are 
determined  in  closed  forms.  The  relationship  of  model 
parameters  with  RFQ  geometry  is  defined.  The  results  of 
calculations  for  different  vane  shapes  are  given 
including  idealized  electrodes  and  electrodes  with 
extreeiely  large  modulation. 


The  minimal  distance  from  the  longitudinal  profile 
of  a  chosen  equipotential  to  the  channel  axis  gives  the 
channel  bore  radius  a.  the  maximum  distance  defines  the 
modulation  factor  m. 

3.  LONGITUDINAL  HARMONICS  OF  POTENTIAL 

The  potential  for  the  system  in  cylindrical 
coordinates  can  be  expressed  in  the  following  form: 

p(r.e.z)  =  -Sr~  E  E  <-!>'  t>1ba  -  *?+  «fr,/2 

0  n*  “OP  i  »0 


1.  INTRODUCTION 

In  most  cases  the  well-known  concept  of  idealized 
electrodes  or  two  terms  potential  is  used  when 
calculating  the  main  parameters  of  RFQ  accelerator  [l]. 
Further  more  accurate  definition  is  accomplished  by 
means  of  computer  simulations  [2].  The  use  of 
electrodes  with  large  modulation  was  supposed  to 
increase  both  acceleration  rate  and  output  energy  of 
RFQ  accelerators  [3,4].  However  the  difficulties  of 
analytical  and  numerical  studies  of  the  RFQ  with  large 
modulation  restrict  the  application  of  this  system. 

In  this  paper  the  equivalent  charges  model  is 
proposed  to  calculate  the  RFQ  parameters. The  method  of 
the  equivalent  charges  was  earlier  used  to  study 
axisymmetric  channel  with  alternating  sign  accelerating 
field  [5].  It  allowed  to  define  harmonic  contents  of 
the  field  in  explicit  form,  tha  channel  capacitance  per 
unit  length,  the  transit  time  factor  and  the  field 
enhancement  factor.  Optimization  of  the  axisymmetric 
channel  was  also  carried  out  by  means  of  the  equivalent 
charges  description  of  the  channel  [5]. 

The  equivalent  charges  model  of  the  RFQ  channel 
is  described  and  studied  below.  On  base  of  this, RFQ  ge¬ 
ometry  is  defined  for  the  various  vane  shapes.  A  number 
of  expressions  was  earlier  obtained  in  the  paper  [6]. 

2.  MODEL  DESCRIPTION 

To  model  the  RFQ  channel  an  endless  periodic  chain 
of  twin  point  charges  is  used  (fig.l)..  The  system  has  a 
screw  symmetry  axis.  The  sign  of  charges  alternates 
along  the  channel  axis.  The  charges  of  similar  polarity 
are  located  periodically  in  pairs.  The  period  of  the 
system  is  2h  -  ffi.  The  distance  from  the  charges  to  the 
channel  axis  b  and  the  value  of  the  point  charge  0  are 
the  fitting  model  parameters.  For  this  approach  various 
vane  configurations  can  be  generated  by  means  of  metal¬ 
lizing  different  isopotential  surfaces  for  different 
values  of  b  .  The  value  of  Q  is  arbitrary  as  a  matter 
of  fact. 


Figure  1 .  RFQ  equivalent  charges  model 


where  eq=  8.85  pF/m, 


R2  -  rZ+  fa2-  2rb  sin (9  +  in/2). 

_  (  2n  for  i  -  0.2 

in”  1  2n+l  for  i  s  1.3 


The  longitudinal  Fourier  series  expansion  of  the 
potential  is 

p(r.B  ,z)  s  X  J]  Aj  (r.B)  cos  lkz. 


where  r  =  Q/(2ncQh),  k  =  n/h  . 

Taking  into  account  the  relations 

Z  Z,-t/Z  .2  2  ,-1/S  I  .  ,  ✓ 

SMcx+  x  )  -  tc2+  x  )  )dx  r  In  c^/c^  . 

o 

<i> 

/ lcZ *  x2>"1/2cos  A x  dx  x  KQ(kc). 
o 

where  KQ  (x)  is  the  modified  Bessel  function,  we  have 

the  expressions  for  longitudinal  harmonics  of  the 
potential : 

h  3 

AJlr.B)  =  b  Jp  (r.B  ,z)dz  =  0.5  *  In  R  . 

h  0  3° 

A. (r.B)  =  2h  *Jp(r.B  ,z)cos  lkz  dz  ^(-l)111*** K  (lkR  ) . 
1  0  o 

The  axis  potential  distribution  coincides  with 
the  axisymmetric  case  [6]: 

p(z)  =  4- T  £  ^21tl  W  cos(  (21+1  )kz) , 


with  (0)  =  K0((21-H)kb). 


4.  AZIMUTHAL  HARMONICS  OF  POTENTIAL 

For  further  transformations  the  following  addition 
theorems  are  used: 

<x> 

In  R/b  =  -  Y,(r/b)' s  'cos  & 

1  * 

K0(kR)  =  KQ(kb)IQ(kr )  +  2%  K'(\b)I'(kr)cos  i# . 

2  2  2 

where  P  =  r  +  b  -  2rbco&  ,  r  <  b  , 

i  (x).  K  (x)  are  modified  Bessel  functions. 

•  « 

Then  the  longitudinal  Fourier  coefficients  are 
connected  with  azimuthal  ones 
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where 


cos  2<2*+l  & 

0  <*' 

A2i  =  -8^AZi  2(2.*1»^  ^COS  2I2S+I>e- 

o 

Az  1*1™  “zi.i.o'PT*  *  *E  *g,.t.4./P -Decs**. 

^  =«2VS.  i,r-  Kjifnijm. 

<x  s  r/b.  P  =  Ab.  t  -  kr  for  r  <  b. 

<x  =  b/r.  P  -  kr.  Y  ~  kb  for  r  >  b  . 


The  equipotentials  of  the  system  can  be  either  en¬ 
closed  confi curat ions  or  surfaces  which  are  continuous 
along  the  channel  axis.  For  the  systems  with  large  va¬ 
lue  of  kb  the  part  of  equipotentials  is  enclosed,  the 
others  are  the  unenclosed  surfaces  modulated  periodi¬ 
cally  in  the  longitudinal  direction.  These  types  of 
equipotentials  are  separated  from  each  to  other  by  the 
boundary  surface  -  the  space  separatrix  I  the  curve  num¬ 
ber  3  at  Fig. 3).  The  cross  sections  of  the  electrodes 
in  X  -  Z  plane  are  shown  at  Fig. 4.  For  y  <  ma  the  X  -  Z 
equipotentials  are  closed.  for  y  >  ma  they  are 


unclosed. 


kb-3.14 


S.  REQ  EQUIVALENT  PARAMETERS 

For  proper  choice  RFQ  geometry  it  is  desirable  to 
define  the  following  characteristics  of  the  channel . 

The  effectiveness  of  acceleration  in  REQ  is 
characterized  by 

5  =  2p(0)T/V. 

where  V  is  the  intervane  voltage. 
n> 

T  =  n- A^(0)/(4  J]  A,j  is  the  transit  time  factor. 

1  1*0 

The  effectiveness  of  focusing  in  RFQ  is 
characterised  by 

x  =  2  XAq  l(a/b)/V 

where  a  is  the  bore  radius  of  the  channel . 

When  choicing  RFQ  geometry,  it  is  necessary  to 
know  the  coefficients  of  unlinearity  and  asymmetry  of 
focusing  field: 

6  =  |j  +  Er(a.n/2.0)a/(xv)  |. 

T)  =  \l  *  E  ( a.n/2.0)/E  (a. 0,0) |. 
r  r 

The  above  obtained  results  leads  to 

5  s  2-mK0lkb)/V.  x  =  2-X(a/bf/V. 

*X» 

T  =  n-Ko(kb)/(4  £  Kq  ( (21*1  )kb) ) . 
o 

One  can  consider  T  -  n/4  for  kb  i  2.  This  result 
corresponds  to  the  one  term  potential  distribution 
along  the  channel  axis. 

6.  ANALYSIS  AND  RESULTS 


The  different  electrodes  shapes  can  be  synthetized 
by  means  of  changing  of  the  generating  parameter  kb  . 
As  examples  the  results  of  calculations  of  isopotential 
surfaces  (electrodes  shapes)  are  given  at  Fig. 2  -  5  for 
kb  -  5.  kb  =  ft  and  kb  -  ti/2. 


Figure  4.  Equipotentials  for  kb  =  n 


For  small  values  of  generating  parameters  kb 
(Fig. 5)  equipotentials  have  the  closed  configuration. 
This  case  corresponds  so  called  stem  electrodes  or  the 
electrodes  with  extremely  large  modulation. 
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The  results  of  calculations  are  summarized  in 
Tables  1-3. 


Table  1 

Results  of  calculations  for  kb  s  5 


Curve 

number 

1 

2 

3 

4 

5 

6 

ka 

0.468 

0.958 

1.57 

2.36 

3.10 

3.61 

m 

2.23 

1.47 

1.30 

1.32 

x. 

0.360 

0.661 

0.773 

0.794 

4?a/« 

0.606 

0.272 

0.132 

0.070 

X 

0.359 

0.661 

0.772 

0.776 

0.692 

0.587 

4€/n 

0.603 

0.266 

0.116 

0.051 

0.027 

0.017 

Table  2 

Results  of  calculations  for  kb  =  n 


Curve 

number 

2 

3 

4 

5 

ka 

0.390 

0.933 

1.15 

1.57 

2.20 

m 

5.50 

3.07 

3.62 

X 

l 

0.105 

0.350 

0.466 

0.862 

0.528 

0.393 

X 

0.111 

0.361 

0.425 

0.474 

0.403 

4€/K 

0.860 

0.488 

0.379 

0.225 

0.098 
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Table  3 

Results  of  calculations  for  kb  =  n/2 


Curve 

number 

1 

2 

3 

4 

5 

ka 

0.193 

0.560 

0.732 

0.848 

0.930 

X 

0.018 

0.114 

0.156 

0.174 

0.182 

4?/« 

0.912 

0.685 

0.548 

0.457 

0.395 

In  Tables  1-2  the- effectivenesses  of  acceleration  and 
focusing  for  the  idialized  electrodes  are  also  given. 
They  were  calculated  in  accordance  with  [1]: 

X(  =  (Ig  (ka )  *  Ig  (mka)  l/(m  Ig  (ka)  +  Io(mka>). 

4?iA  =  (1  -  x,  J/ig  (ka) . 

These  relations  can  be  used  for  the  unenclosed 
configurations  with  ma  <  b.  For  such  systems  the 
relationship  of  the  effectiveness  of  focusing  with  the 
model  parameters  has  the  simple  form: 

x  =  (1  +  4(b/a)ZK0(kb)I0(ka))~‘l . 

6  =  n/2  =  tkb>Z-K0(kb). 


7.  CONCLUSION 

The  equivalent  charges  model  allows  to  describe 
various  RPQ  electrodes  configurations  beginning  with  the 
idealized  electrodes  up  to  the  electrodes  with 
extremely  large  modulation  -  the  stem  electrodes.  The 
use  of  electrodes  with  large  modulation  may  allow  to 
increase  an  acceleration  rate  in  RFQ.  The  additional 
advantage  of  such  a  system  is  small  value  of 
capacitance  per  unit  length.  But  the  increase  of  the 
modulation  leads  to  rise  of  unlinearity  of  focusing 
field.  A  final  choice  of  the  RFQ  channel  parameters 
requires  analysis  of  influence  of  this  effect  on  beam 
dynamics. 
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Abstract 

At  the  Tokyo  Institute  of  Technology  (TIT)  a  four- 
vane  RFQ  is  to  be  applied  for  inertial  confinement  fusion 
research(l].  The  RFQ  (TIT  RFQ)  is  designed  for 
acceleration  of  particles  with  charge  to  mass  ratio  (q/A)  of 
1/16  from  5keV/amu  to  213keV/amu.  The  planned 
maximum  injection  beam  current  is  10mA  for  ^0+.  Beam 
dynamics  was  calculated  using  a  PIC  (Particle-In-Cell) 
code  which  can  take  influence  or  the  multipole  components 
in  the  intervene  potential  into  account.  For  input  beam 
current  of  10mA  transmission  of  60%  was  obtained. 

A  half-scaled  cold  model  was  fatcated  to 
investigate  fundamental  rf  characteristics  In  the  cold 
model  experiment,  the  difference  in  electric  field  strength 
between  each  quadrant  was  minimized  to  ±3%  by  using 
side  tuners  and  flat  field  distribution  along  the  beam  axis 
was  achieved  by  adjusting  end  tuners. 

I.  INTRODUCTION 

In  a  previous  paper[l]  a  design  of  the  TIT  RFQ  with 
the  vane-tip  curvature  radius  of  0.75r^  was  presented.  The 

computer  code  PARMTEQ  was  used  to  simulate  the  beam 
dynamics  in  the  RFQ  and  the  computer  code  GENRFQ  was 
used  to  generate  the  vane  parameters  for  PARMTEQ 
calculation.  For  this  old  design  the  beam  transmission  was 
expected  to  be  72%  for  the  injection  current  of  10mA. 

In  the  meantime,  one  of  the  authors  of  this  paper 
developed  a  new  simulation  code  "QLASSI  (Quadrupole 
Linear  Acceleration  Simulator  with  Space  and  Image  charge 
effect)"[2]  which  can  simulate  the  beam  dynamics  including 
influence  of  the  multipole  components  in  the  intervane 
potential.  This  code  was  applied  to  calculation  of  the  beam 
dynamics  for  the  old  design.  Since  the  result  of  this 
calculation  showed  very  poor  transmission  efficiency  of 
34% ,  the  TIT  RFQ  had  to  be  redesigned. 

In  this  paper  we  describe  the  modifications  of  vane- 
tip  design  as  well  as  the  cavity  geometry,  which  are 
necessary  to  improve  the  beam  dynamical  performance.  The 
beam  transmission  performance  for  the  new  design  is 
presented.  Recent  results  on  a  half-scaled  model  including 
development  of  tuning  device  are  also  reported. 


II.  NEW  SIMULATION  CODE  QLASSI 

In  computer  code  QLASSI,  the  equation  <x  motion  in 
the  RFQ  is  expressed  as 

=  qElm^-tq/mlViUfa+Ux+U^),  ...( 1 ) 

where  U$c  and  U-c  are  the  external  RFQ  potential, 
the  space  charge  potential  and  the  image  charge  potential, 
respectively.  In  the  calculation,  eq.(l)  is  numerically 
integrated  for  each  particle  using  fourth-order  Runge- 
Kutta  method.  Harmonics  up  to  the  dodecapole  moment 
are  taken  into  account  in  Usc  is  given  by  the  sum  of 
monopole  Coulomb  potential  from  all  other  particles.  U ^ 
is  determined  by  solving  a  3D  Dirichlet’s  boundary 
problem  defined  by  the  beam  space  charge  and  the  metallic 
electrode  surface. 

Figure  1  shows  axial  transmission  profile  calculated 
using  QLASSI  for  the  old  design.  For  the  injection  beam 
current  of  10mA  the  transmission  is  only  34%,  which  is 
less  than  half  of  the  one  calculated  using  PARMTEQ. 

III.  NEW  DESIGN  OF  THE  TIT  RFQ 

The  TIT  RFQ  was  redesigned  since  the  predicted 
transmission  was  limited  to  34%.  In  the  new  design  the 
curvature  radius  of  vane-tip  was  increased  from  0.75r^  to 
Tq  in  order  to  suppress  the  multipole  components. 
Parameters  of  the  new  design  are  summarized  in  Table  1. 
In  cider  to  increase  rf  focusing  effect  was  decreased 

from  0.495cm  to  0.466cm.  The  vane  length  becomes  20cm 
longer  than  that  of  the  old  design  owing  to  the  reduction 
of  Tq.  The  total  vane  length  is  422cm  which  corresponds  to 
273  cells  including  a  radial  matching  section  with  20  cells. 
Figure  2  shows  axial  transmission  profile  calculated  using 
QLASSI  for  injection  current  of  10mA.  The  transmission 
is  improved  up  to  60%. 

The  cavity  geometry  was  determined  using  computer 
code  SUPERFISH.  Main  rf  parameters  are  summarized  in 
Table  2.  The  opera,  g  frequency  is  80MHz  which  is  same 
as  that  of  the  old  design.  The  cavity  diameter  was 
decreased  from  76.6cm  to  72.5cm  in  order  to  keep  a 
resonant  frequency  to  be  80MHz.  The  wall  loss  increased 
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Table  1 

Design  Parameters  of  TIT  RFQ 


Charge- to- mass  ratio 

£1/16 

Operating  frequency  (MHz) 

80 

Input  energy  (keV/amu) 

5 

Output  energy  (keV/amu) 

213 

Normalized  acceptance  (cm-mrad) 

0.05x 

Vane  length  (cm) 

422 

Total  number  of  cells 

273 

Characteristic  bore  radius,  rg  (cm) 

0.466 

Minimum  bore  radius  (cm) 

0.294 

Margin  of  bore  radius, 

1.1 

Maximum  modulation,  m 

max 

2.05 

Focusing  strength,  b 

3.4 

Maximum  defocusing  strength, 

-0.051 

Synchronous  phase,  $  (deg.) 

-90  ->  -20 

Intervane  voltage  (kV) 

79 

Maximum  field  (Kilpat.) 

2.2 

Transmission  (%) 

(0mA  input)  87 
(10mA  input)  60 

Table  2 

Main  if  parameters  of  TIT  RFQ 


Resonant  frequency  (MHz)  80 

Calculated  Q  value  20000 

Wall  loss  (at  nominal  intervane  voltage,  kW)  89 

Shunt  impedance  (MQ/m)  29.5 

Calculated  maximum  field  (Kilpat.)  22 

Vane-tip  radius  (cm)  0.466 

Cavity  diameter  (cm)  125 

Cavity  length  (cm) _ 440 


from  81kW  to  89kW. 

The  structure  of  the  TIT  RFQ  is  illustrated  in  Figure 
3.  Each  quadrant  of  the  cavity  has  six  plunger-type  tuneis, 
only  one  of  which  is  movable  because  other  five  plungers 
are  fixed  after  adjustment.  End  regions  consist  of  inductive 
end  cuts  and  a  capacitive  tuner  like  a  pan  (called  an  end  cap 
hereafter).  Since  it  is  impossible  to  machine  the  4m  long 
vane  with  sufficient  accuracy,  three  tanks  with  1.4m  long 
vanes  are  connected  in  series. 

IV.  COLD  MODEL  TEST 

A  cold  model  without  vane  modulation  and  a  radial 
matching  section  was  fabricated.  The  tank  length  and  the 
tank  diameter  are  1.7m  and  32cm  respectively.  Each 
quadrant  has  six  plunger-type  side  tuners  to  obtain  the 
quadrupole  mode.  Two  kinds  of  capacitive  tuneis,  plunger- 


type  end  tuners  and  an  end  cap,  were  equipped  on  each  end 
plate  and  dimensions  of  these  tuneis  were  tested. 

Although  alignment  of  four  vanes  was  carried  out 
using  two  end  jigs  and  reamer  pins,  setting  accuracy  was 
too  poor  to  observe  the  quadrupole  mode.  Re-alignment 
using  a  pin-gauge  achieved  the  gap  difference  between  vanes 
within  30pm  along  the  whole  vane  length.  The  quadrupole 
mode  could  be  excited  after  this  re-alignment  but  the 
measured  electric  field  strength  of  this  mode  was  quite 
different  in  each  quadrant. 

The  side  tuners  were  adjusted  in  order  to  make  the 
electric  field  strength  equal  in  each  quadrant.  The  electric 
field  near  the  beam  axis  was  measured  with  the  bead- 
perturbation  method.  The  resonant  frequency  of  quadrupole 
mode  is  192.0MHz  and  the  frequency  shift  due  to  the  bead- 
perturbation  is  shown  in  Figure  4.  This  result  shows  that 
the  difference  in  electric  field  strength  between  each 
quadrant  is  within  ±3%.  It  is  possible  to  make  the 
difference  smaller  by  repeating  the  fine  side  tuner 
adjustment. 

Flat  electric  field  distribution  along  the  beam  axis  is 
achieved  by  using  the  end  caps  illustrated  in  Figure  S.  One 
end  cap  faces  the  side  of  four  vanes  and  the  capacity  of  end 
region  becomes  much  higher  than  that  of  the  plunger-type 
tuner,  because  the  facing  area  is  much  larger. 

The  flatness  F  is  defined  as 


U 2 ) 


where  Ecent  is  the  electric  field  strength  at  center  and 
Eend  is  the  mean  electric  field  strength  of  both  ends, 
respectively.  In  Figure  4,  the  distance  between  end  cap  and 
vanes  is  3.4mm  and  the  flatness  F  is  0.97.  If  the  end  tuners 
were  adopted,  the  gap  between  end  tuner  and  vane  would 
be  only  Umm  in  order  to  obtain  the  same  F.  It  is  clear 
from  this  result  that  the  end  cap  is  preferable  to  avoid  an 
electric  discharge  and  concentration  of  wall  loss  in  the  end 
region. 


V.  SUMMARY 

Since  the  transmission  performance  calculated  using 
QLASSI  was  very  small,  the  TIT  RFQ  was  redesigned.  In 
the  new  design  the  curvature  radius  of  vane-tip  was 
determined  to  be  rg  in  order  to  suppress  the  multipole 
components.  The  characteristic  bore  radius  rg  was  decreased 
to  0.466cm  in  order  to  increase  if  focusing  effect.  Due  to 
these  modifications,  the  beam  transmission  recovered  to 
60%. 

The  cavity  dimensions  were  also  redesigned  to 
maintain  the  resonant  frequency  to  be  80MHz.  Owing  to 
this  change,  the  power  dissipation  increased  by  a  factor  of 
10%. 

A  half-scaled  cold  model  was  fabricated  without 
vane  modulation  and  a  radial  maching  section.  In  the  cold 
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model  experiments,  the  difference  in  electric  field  strength  VI.  REFERENCE 

between  each  quadrant  was  minimized  to  ±3%  and  the  Q  Takeda  ctJ,  -Design  Study  on  an  80MHz  RFQ 

flatness  of  the  field  distribution  along  the  beam  axis  was  Linac  for  Heavy  Ion",  Proc.  European  Particle 

0.97.  In  addition,  useful  results  on  the  vane  cutting  Accelerator  Conf.,  Berlin,  March  1992, 1334^1336 

method  were  acquired  and  applied  to  the  design  work  of  [2]  y  0guri  a,  -Beam  Tracking  in  an  rfq  Linac  with 

the  actual  cavity.  Small  Vane-Tip  Curvature",  J.  Nucl.  Sci.  And  Tech., 
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Figure  1  Axial  beam  transmission  profile 
calculated  using  QLASSI  for  the  old  design 


(Injection  current  is  10mA) 


cad  number 


Figure  2  Axial  beam  transmission  profile 
calculated  using  QLASSI  for  the  new  design 
(Injection  current  is  10mA) 


Figure  3  The  TIT  RFQ 


POSITION  [mm] 


vane 


Figure  4  Frequency  shift  due  to  bead-perturbation 


Figure  S  Schematic  drawing  of  the  end  cap 


3117 


Operational  Characteristics  of  a  100-mA,  2-MeV 
Radio-Frequency  Quadrupole* 

K.  F.  Johnson,  W.  B.  Couingame,  G.  O.  Bolme,  C.  M.  Fortgang,  W.  Ingalls,  J.  Marquardt, 
D.  P.  Rusthoi,  O.  R.  Sander,  M.  Smith,  and  G.  T.  Worth 
Los  Alamos  National  Laboratory,  MS  H818 
Los  Alamos,  NM  87545  USA 


Abstract 

A  100-mA,  2.07-MeV  Radio-Frequency  Quadrupole  (RFQ 
III)  has  been  commissioned  and  operated  routinely  on  the 
Accelerator  Test  Stand  (ATS)  [1]  at  Los  Alamos  National 
Laboratory.  To  characterize  the  RFQ  output  beam  dynamics, 
measurements  were  made  of  the  beam  transmission  and  of  the 
transverse  and  longitudinal  phase-space  distributions.  Data 
were  taken  for  different  RFQ  III  operating  conditions  and 
compared  to  simulations. 

I.  INTRODUCTION 

The  ATS  experimental  program  had  the  objective  of 
comparing  measured  performance  of  an  accelerating  structure  to 
predicted  performance.  The  evaluation  was  made  by  comparing 
measured  and  predicted  beam  transmission,  position  and  angle 
centroids,  energy  and  phase  centroids,  and  transverse  and 
longitudinal  phase-space  distributions.  RFQ  III  was  the  third 
RFQ  in  a  series  of  RFQs  [2,3]  to  be  tested  on  the  ATS. 
Pertinent  RFQ  III  design  parameters:  frequency  is  425  MHz, 
number  of  cells  is  358,  length  is  289.23  cm,  design  vane 
potential  is  111  kV,  average  radius  is  0.404 7  cm,  final  radius 
is  0.278  cm,  final  modulation  is  1.83,  initial  synchronous 
phase  is  -90  ,  final  synchronous  phase  is  -30°,  peak  surface 
field  is  32.7  MV/m,  nominal  current  limit  is  167  mA,  and 
design  acceptance  at  100  mA  is  0.232  it  cm-mradian.  This 
paper  presents  the  RFQ  III  commissioning  results. 

II.  EXPERIMENTAL  TECHNIQUE 

The  H'  input  beam  to  the  RFQ  was  obtained  from  the 
ATS,  100-keV  source  and  accelerating  column  [4],  A  low- 
energy,  beam-transport  section  (LEBT)  followed  the  column. 
The  LEBT  consisted  of  four  permanent  magnet  quadrupoles 
(PMQs)  and  two  electromagnet  horizontal  and  vertical  steerers. 
The  PMQs  could  be  moved  along  the  beam  axis.  Moving  the 
PMQs  varied  the  input  match  to  the  RFQ.  The  RFQ  was 
operated  at  a  low  duty  factor  (0.025%). 

The  experimental  objective  was  to  fully  characterize  the 
output  beam  of  the  RFQ  to  allow  for  a  detailed  comparison  to 
the  simulation  codes.  To  achieve  this  end,  the  output-beam 
current,  beam  transmission,  and  transverse  and  longitudinal 
phase-space  distributions  were  measured  for  a  variety  of  RFQ 
operating  conditions. 

Diagnostics  for  these  measurements  included  broad-band 
toroids  (current  and  transmission),  a  LEBT  Faraday  cup 
(current),  an  electric-sweep  emittance  scanner  in  the  LEBT  [5], 
two  pairs  of  slit-collectors  (transverse  emittance),  Laser 


•Work  supported  and  funded  by  the  US  Department  of  Defense, 
Army  Strategic  Defense  Command,  under  the  auspices  of  the  US 
Department  of  Energy. 

0-7803-1203-1/93$03.00  ©  1993  IEEE 


Induced  Neutralization  Diagnostic  Approach  (LINDA)  [6] 
(longitudinal  emittance),  a  momentum  spectrometer 
(momentum  centroid  and  spread),  and  an  x-ray  detector  [7] 
(RFQ  rf  field). 

in.  EXPERIMENTAL  RESULTS 

The  RFQ  vane  potential  is  the  only  adjustable  variable  of 
the  RFQ.  It  affects  the  transverse  and  longitudinal  focusing  of 
the  beam.  The  RFQ  vane  potential  was  determined  from  end 
point  measurements  of  the  x-ray  energy  spectrum  generated  by 
electrons  accelerated  across  the  vane  gap  [7].  The  x-ray  energy 
spectra  were  measured  versus  cavity  rf  power  and  used  to 
calibrate  rf  pickup  loops  in  the  RFQ.  The  pickup  loops  were 
used  to  set  the  RFQ  vane  potential.  The  RFQ  operating 
voltage  range  was  95  to  138  kV. 


Figure  1.  Normalized  beam  transmission  versus  normalized 
vane  potential  V  for  high-  and  low-beam  currents. 

The  RFQ  III  beam  transmission  was  measured  versus  the 
vane  potential  for  various  input  beam  currents.  Figure  1A 
shows  the  total  beam  transmission  for  beam  currents  >70  mA. 
Figure  IB  shows  the  total  and  accelerated  beam  transmissions 
for  currents  -25  mA.  At  high  currents,  the  plots  have  the 
same  shape,  regardless  of  input  beam  conditions.  Although 
not  shown,  simulations  show  the  same  vane  potential 
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dependence  as  the  data.  The  magnitude  of  the  measured  high 
current  transmission  never  exceeded  -85%,  whereas 
simulations  predict  -90%  transmission.  Typically  the 
measured  transmission  was  65%  to  70%  due  to  a  beam 
mismatch  at  the  RFQ  entrance.  The  transmission  knee  occurs 
at  a  vane  potential  of  128  kV  rather  than  the  design  value  of 
111  kV. 

The  beam  momentum  was  measured  with  a  focusing 
spectrometer  that  consisted  of  two  quadruples,  primarily  for 
vertical  containment,  and  a  horizontal  60°  bending  magnet 
with  circular  pole  tips  [3].  At  the  design  vane  potential  the 
beam  had  the  predicted  energy  of  2.07  MeV. 


Figure  2.  Measured  and  simulated  transverse  emittances  versus 
normalized  vane  potential  V  for  78%  of  the  beam.  V0  equals 
128  kV.  Horizontal  and  vertical  data  are  shown. 


The  output  RFQ  transverse  phase-space  distribution  was 
measured  versus  vane  potential.  The  phase-space  distributions 
(horizontal  and  vertical)  were  measured  with  a  standard  slit  and 
collector  technique  [8].  The  rms  normalized  emittances  were 
measured  for  the  vertical  and  horizontal  planes.  The  RFQ 
input  beam  was  matched  in  all  cases.  Figure  2  shows  data  and 
simulations.  The  data  sets  correspond  to  measurements  made 
on  different  days.  The  scatter  in  the  data  gives  the  typical  day- 
to-day  reproducibility  of  the  beam.  The  measurement  error 
was  5  to  8%  with  background  subtraction  being  the  dominant 
component.  The  agreement  between  data  and  simulations  was 
better  in  the  vertical  plane  than  in  the  horizontal.  In  both 
planes,  the  emittance  flattens  off  at  -110  kV  which  is 
consistent  with  the  design  value  of  1 1 1  kV  but  inconsistent 
with  beam  transmission  results. 

The  measured  Courant-Snyder  (CS)  parameters  were 
compared  to  simulations.  The  data  are  shown  in  Fig.  3.  The 


data  sets  correspond  to  measurements  from  different  days. 
There  was  qualitative  agreement  between  data  and  simulations 
as  the  vane  potential  was  varied.  For  RFQ  II  the  agreement 
was  good  [1].  The  discrepancy  for  RFQ  III  probably  is  due  to 
differences  between  the  as-built  and  as-designed  RFQ,  which 
have  not  been  incorporated  into  the  simulations.  A 
determination  of  these  discrepancies  will  require  off-line  checks 
of  RFQ  III  at  a  future  date. 


Figure  3.  Horizontal  and  vertical  CS  parameters  versus  RFQ 
III  vane  potential  for  78%  of  the  beam.  The  arrows  indicate 
the  direction  of  increasing  vane  potential. 

Figure  4  shows  the  vertical  phase-space  distributions  for 
data  and  simulations.  The  parallelogram  shapes  at  lower  vane 
potentials  are  due  to  off-energy  panicles. 


Figure  4.  The  vertical  phase-space  distributions  for  data  and 
simulations  for  different  vane  potentials. 
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The  RFQ  output  transverse  phase-space  distribution  was 
measured  versus  the  match  of  the  input  beam.  For  large 
variations  in  the  input  mismatch  factor  [9]  (i.e.,  in  the  shape 
of  the  input  beam),  the  output  CS  parameters  and  emittance 
remained  nearly  constant;  agreeing  with  simulations.  The 
beam  transmission  varied  with  the  input  match  resulting  in 
decreased  beam  brightness  for  large  mismatches. 

Longitudinal  phase-space  distributions  were  measured 
using  the  LINDA  technique  [6].  The  measured  and  simulated 
distributions  appear  similar  (Fig.  5),  but  the  measured 
emittance  is  -60%  of  the  simulated  emittance  (Fig.  6).  The 
difference  is  many  times  the  uncertainty  in  the  data  which  is 
estimated  to  be  -5%.  This  difference  between  the  data  and 
simulations  is  not  understood,  but  a  likely  explanation  is  the 
difference  between  the  as-built  and  as-designed  RFQ.  For  the 
GTA  RFQ,  there  was  good  agreement  with  data  and 
simulations  [10]  giving  confidence  in  the  measurement 
technique  and  simulations  codes.  For  power  levels  £120  kV 
the  longitudinal  phase-space  distributions  begin  to  change 
from  elliptical  to  crescent-shaped  (Fig.  5).  The  change  is 
caused  by  off-energy  particles.  These  data  indicate  that  RFQ 
III  should  be  operated  at  128  kV  rather  than  the  design  value  of 
111  kV. 


Figure  5.  Measured  and  simulated  longitudinal  phase-space 
distributions  versus  vane  potential. 


Figure  6.  The  rms  longitudinal  emittance  for  data  and 
simulation  versus  vane  potential. 


IV.  SUMMARY  AND  CONCLUSIONS 

RFQ  III  was  successfully  commissioned  and  operated  routinely 
and  reliably.  The  RFQ  performance  was  largely  as  expected. 
The  longitudinal-emittance  discrepancy  between  data  and 
simulations  is  not  understood  but  appears  to  be  real. 
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Abstract 

A  4- rod-like  Radio  Frequency  Quadrupole  for  the  new 
CERN  lead-ion  injector  will  be  built  at  the  Laboratori 
Nasionali  di  Legnaro,  Italy  [1]. 

By  means  of  3D  simulations  with  MAFIA  codes  [2]  and 
measurements  on  a  cold  model,  an  asymmetry  was  found 
in  the  gap  between  the  end  plate  and  electrodes,  yielding 
a  non-sero  longitudinal  component  E,  on  the  axis  of  the 
RFQ  and  therefore  a  potential  barrier  in  the  gap. 

In  this  paper  an  explanation  is  given  for  this  fact  and 
possible  solutions  are  proposed  for  end  cell  tuning,  which 
allow  to  eliminate  the  undesirable  E,  component  and  also 
to  obtain  good  inter-electrode  voltage  distribution  along 
the  structure.  Results  of  MAFIA  calculations  and  cold 
model  measurements  are  shown. 

1  INTRODUCTION 

We  considered  the  structure  shown  in  Fig.  1,  representing 
a  part  (4  supports  instead  of  14)  of  the  Lead-Ion  RFQ  as 
modelled  by  MAFIA  codes;  the  end  plates  are  not  shown 
for  the  sake  of  dearness.  It  is  a  4-rod  structure,  similar 
to  the  ones  developed  in  Frankfurt  [3]  but  having  double 
symmetric  supports  and  “vane- like”  shaped  rods. 

By  means  of  the  MAFIA  codes,  it  was  found  that  the 
voltages  at  the  end  of  the  electrodes  are  not  balanced  with 
respect  to  the  external  tank;  actually,  at  their  end,  one 
pair  is  near  the  full  potential  Ve,  oscillating  at  RF,  while 
the  other  pair  remains  near  the  ground  potential. 

This  doesn't  affect  the  quadrupolar  symmetry  inside 
the  accelerating  channel,  but  determines  on  the  axis  a  po¬ 
tential  difference  Ve/2  between  the  end  of  the  electrodes 
and  the  end  plates.  As  a  consequence,  a  longitudinal  com¬ 
ponent  Et  of  the  electric  field  arises,  and  such  region  be¬ 
haves  like  a  RF  gap  that  may  accelerate  the  partides  pass¬ 
ing  throughout  it. 

2  ANALYSIS  OF  THE  PHENOMENON 

We  evaluated  the  B  field  distribution  for  the  above  struc¬ 
ture.  In  Fig.  2  the  longitudinal  section  at  the  vertical  sym¬ 
metry  plane  is  shown;  Fig.  3  displays  two  transverse  sec¬ 
tions:  through  a  support  and  in  the  center  of  a  cell. 

We  can  see  that  middle  cells  are  filled  with  magnetic 
field,  whose  lines  are  dosing  around  the  supports  and  the 
dectrodes,  while  there  is  almost  no  fidd  in  the  end  cells. 
This  absence,  confirmed  by  measurements  on  cold  models, 
is  not  peculiar  of  our  “double  support”  structure,  although 


Fig.  1:  MAFIA  plot  of  the  CERN  Lead-Ion  4-rod  RFQ 
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Fig.  2:  MAFIA  plot  of  B  fidd  (longitudinal  section) 


Fig.  3:  MAFIA  plots  of  B  fidd  (transverse  sections) 


it  depends  on  the  geometry  used  and  in  our  case  happens 
to  be  more  evident  than  in  other  RFQ’s. 

In  order  to  understand  this  phenomenon,  we  investigate 
the  behaviour  of  our  RFQ  by  considering  the  electrical 
properties  of  a  chain  of  five  coupled  oscillators:  bom  the 
RF  point  of  view,  it  consists  of  coupled  resonant  cells,  all 
equal  to  each  other  except  the  ending  ones,  that  have  half 
length  and  are  terminated  with  a  metallic  plate,  separated 
by  a  gap  from  the  end  of  the  dectrodes. 

When  the  middle  cell  is  excited  (by  a  feeder  loop)  it  res¬ 
onates  at  a  certain  a>o  =  1/y/LoCo,  where  Lq  and  Co  are  its 
equivalent  inductance  and  capacitance.  The  adjacent  cells 
have  the  same  Lq  and  Co  and  are  strongly  coupled,  while 
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Fig.  4:  MAFIA  plot  of  E  field  (detail) 


the  end  cells  have  half  the  inductance  ( Lea<i )  and  a  lower 
capacitance  (Cen<i  is  half  of  Co  plus  the  small  capacitance 
between  the  end  plate  and  electrodes).  Their  resonant  fre¬ 
quency  is  therefore  much  higher  and  the  consequence  is 
that  there  is  no  B  field  (or  just  a  small  one)  and  no  in¬ 
duced  currents  (or  small  ones)  in  the  ending  regions,  due 
to  the  abset  of  a  time-varying  magnetic  flux. 

Anothe  iplementary  effect  is  that  the  inter¬ 
electrode  vo  6e  Ve  drops  in  the  middle  of  the  structure 
(see  Fig.  9-left),  also  due  to  the  difference  in  the  end  cells 
behaviour. 

In  Fig.  4  it  is  shown  a  detail  of  E  field  in  a  longitudinal 
section  through  a  pair  of  electrodes;  we  can  see  that  the 
potential  symmetry  condition  (+Ve/2  on  one  pair  of  elec¬ 
trodes  and  -Vg/2  on  the  other  one,  relatively  to  the  end 
plate)  is  not  fulfilled  at  the  end  of  the  electrodes. 

This  is  also  illustrated  by  Fig.  7-left,  where  a  detail  of 
E  field  in  the  gap  is  shown  (in  a  transverse  section  near  end 
plate):  on  the  axis,  MAFIA  codes  evaluated  a  longitudinal 
component  E,  which  integrated  along  the  gap  leads  to  a 
voltage  Vg/2. 

To  explain  this  phenomenon,  let  us  consider  the  sem- 
plified  equivalent  lumped  circuit  of  an  end  cell  shown  in 
Fig.  5-left,  where  four  rods  are  presented,  for  simplicity, 
as  a  two-wire  line.  As  seen  before,  there  are  almost  nor 
B  field  nor  currents  in  the  ending  regions,  so  that  we  can 
evaluate  potentials  Vao  and  Vbo  of  the  points  A  and  B  with 
respect  to  point  0  (ground)  as: 

^ao  **  Vac*  +  Vcc  +  Vco  «0  (1) 

Vbo  w  Vbc”  +  Ve  +  Vc«c  +  Vco  «  Ve  (2) 

While  beam  dynamics  calculations  were  carried  on  in 
order  to  analyse  the  effect  of  this  asymmetry  on  the  heavy 
ion  beam  [4],  we  concentrated  on  finding  an  end  cell  con¬ 
figuration  achieving  the  condition: 

Vao  =  — §  Vi  VBo  =  +|Ve  (3) 

To  reach  such  goal  on  our  RFQ,  different  versions  of 
end  cell  tuning  were  simulated  using  MAFIA  codes  and 
the  best  one  was  then  tested  on  a  cold  model. 

3  POSSIBLE  SOLUTIONS 

In  order  to  cope  with  the  above  effects,  which  are  due  to 
the  difference  between  middle  and  end  cells,  we  need  to 


tune  the  latter,  so  to  have  there  a  proper  electromagnetic 
held.  Thus,  the  Et  component  arising  in  the  gap  between 
end  plate  and  electrodes  disappears. 

Our  approach  follows  from  the  one  proposed  by  Pirkl 
[5],  attempting  to  include  the  equivalent  terminating  re¬ 
actance  elements  at  the  end  of  the  electrodes  relatively  to 
end  plate.  We  analyse  his  proposal  bom  the  point  of  view 
of  end  cells  tuning,  i.e.  of  electromagnetic  fields  in  the  end 
cells. 


Fig.  5:  Equivalent  lumped  circuits 

As  a  first  attempt,  we  can  try  to  connect  "hot”  ends  of 
electrodes  (B)  to  the  external  tank  by  means  of  conductive 
strips,  i.e.  we  add  an  inductance  LM w  (Fig.  5-right).  The 
choice  of  LM j<j  is  limited  by  two  conditions: 

•  To  reach  a  balance  between  the  cells,  the  resonant 
bequency  of  the  end  cell  should  be  equal  to  the  middle 
cell  one: 

(■f’end  +  I'addJCend  =  wo  *  (4) 

As  in  our  case  the  end  cell  length  is  half  of  the  middle 
one,  for  symmetry  reasons  we  have  Ltn a  =  |Lo  and 
Cend  =  |Co;  thus,  to  fulfill  (4),  it  must  be: 

I'add  —  jlo  (5) 

•  In  order  to  fulfill  (3),  the  voltage  drop  on  Ladd  should 
be  equal  (in  module)  to  the  one  on  Len d-  As  the  same 
current  passes  through  both  inductances,  it  means: 

Ladd  =  Lend  ~  j^O  (®) 

It  is  not  possible  to  satisfy  both  conditions  (3)  and  (4) 
changing  only  the  inductance  of  the  last  cell,  in  fact  we 
obtained  (5)  and  (6)  which  are  incompatible.  Therefore 
one  has  to  act  simultaneously  on  both  inductance  and  ca¬ 
pacitance,  adding  Ladd  »t  the  “hot”  electrodes  and  C* dd 
at  the  “cold”  ones.  Inductance  can  be  further  increased 
by  changing  the  shape  of  the  last  support;  capacitance  by 
a  vane-connecting  ring  or  adding  some  plates  between  the 
end  of  the  “cold”  electrodes  (A)  and  the  end  plate,  i.e.  a 
capacitance  Cadd- 

By  MAFIA  simulations,  many  different  combinations 
of  strips,  plates  and  rings  were  tested  on  the  cold  model 
geometry.  Modifying  their  dimension  and  position,  each 
version  allowed  to  obtain  a  good  longitudinal  Ve  distribu¬ 
tion  (flatness  within  ±1%)  and  to  reduce  4  4- 15  times  the 
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Fig.  6:  MAFIA  plot  of  a  possible  solution 


Fig.  7:  MAFIA  plot  of  E  field  in  the  gap  (detail) 


Et  component  in  the  gap.  In  principle,  there  are  no  limi¬ 
tations  to  reach  an  ideal  toning. 

The  solution  shown  in  Fig.  6  (two  strips  and  two  plates) 
gave  quite  good  results:  Fig.  7  shows  J?  field  in  a  transverse 
section  near  end  plate  for  the  initial  configuration  (left)  and 
for  the  modified  geometry  (right);  notice  Et  =  0  on  the 
axis.  The  smaller  squares  define  the  “interesting”  region 
for  beam  dynamics. 

4  MEASUREMENTS 


Fig.  9:  Inter-electrode  voltage  distribution  V(z)/Ve 


5  CONCLUSIONS 

The  main  result  of  this  study  is  that  both  a  good  voltage 
symmetry  in  the  region  between  end  plate  and  electrodes 
and  a  good  longitudinal  inter-electrode  voltage  distribution 
can  be  reached  by  proper  tuning  of  the  end  cells. 

A  more  detailed  analysis  of  the  phenomenon  is  still 
needed  to  find  a  shape  that  could  be  used  in  practice,  un¬ 
der  working  conditions  (high  power  and  vacuum  problems): 
the  aim  of  this  paper  is  just  to  give  hints  of  possible  solu¬ 
tions  and  proof  of  principle  of  the  adopted  methodology. 
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To  check  proof  of  principle  we  used  the  geometry  of  Fig.  6, 
but  it  should  be  noted  that  in  practice  it  is  necessary  to 
change  the  shape  of  the  last  stems,  in  order  to  increase 
Lad a;  in  fact,  as  the  end  plate  is  very  close  to  the  elec¬ 
trodes,  it  is  not  easy  to  reach  an  high  value  of  Ladd  with  a 
reasonable  shape.  Besides,  large  pl'tes  should  be  avoided. 

The  electric  field  between  end  plate  and  each  elec¬ 
trode  was  measured  on  a  cold  model,  using  a  perturbing 
bead;  Fig.  8  shows  normalised  |£,|  field  measured  on  the 
model  in  its  initial  configuration  (left)  and  after  the  tuning 
(right);  here  #1  and  #3  are  the  “hot”  electrodes.  These 
results  confirm  the  situation  described  by  MAFIA. 

Bead-pull  measurements  of  the  inter-electrode  voltage 
all  along  the  structure  were  performed  on  the  cold  model, 
using  an  automatic  computer-controlled  system  [6].  The 
results  before  and  after  tuning  are  shown  in  Fig.  9;  a  com¬ 
parison  with  MAFIA  simulations  (continuous  lines)  em¬ 
phasises  a  quite  good  agreement,  the  small  discrepancy  be¬ 
ing  due  to  the  slightly  different  position  of  the  bead  during 
measurements  with  respect  to  the  path  used  in  simulation, 
and  to  mechanical  misalignments  of  the  electrodes. 
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Abstract 

At  present,  many  different  resonant  RFQ  structures  for  ac¬ 
celerating  both  light  and  heavy  ions  are  successfully  used. 
Usually  they  are  divided  into  two  well  known  groups:  4- 
vane  and  4-rod  structures,  each  of  them  having  its  merits 
and  drawbacks.  In  this  paper  a  new  resonant  structure 
is  considered,  which  combines  the  advantages  of  both.  It 
may  be  seen  as  a  4- vane  structure  with  holes  (“windows”) 
in  the  vanes,  or  as  a  4-rod  one  having  stems  located  90° 
apart  from  each  other  and  from  the  beam  direction.  Thus, 
changing  the  window  sise,  such  a  structure  can  be  modi¬ 
fied  from  a  typical  4-rod  resonator,  working  at  50  MHs  or 
less,  to  a  typical  4- vane  one,  working  at  higher  frequencies 
(up  to  500  MHs)  and  having  a  better  frequency  distinc¬ 
tion  between  operating  and  unwanted  dipole  modes,  due 
to  the  magnetic  coupling  between  neighbouring  quadrants 
through  the  holes.  It  also  should  be  noted  that  no  volt¬ 
age  arises  on  the  beam  axis  in  the  gap  between  end  plate 
and  electrodes,  provided  that  horisontal  and  vertical  win¬ 
dows  have  the  same  longitudinal  position.  Computer  sim¬ 
ulations  with  MAFIA  codes  are  presented  and  compared 
with  cold  model  measurements. 

1  INTRODUCTION 

The  well  known  idea  of  “spatially  uniform  strong  focusing” , 
proposed  by  Kapchinsky  and  Tepfjakov  [1],  is  very  widely 
used  for  accelerating  both  light  and  heavy  ions. 

A  suitable  arrangement  of  accelerating  and  focusing 
fields  can  be  provided  by  different  RFQ  resonant  struc¬ 
tures,  usually  distinguished  between  resonant  cavities  (as 
4-vane,  Double-H  and  Split-Coaxial)  and  resonant  LC- 
structures  (as  4-rod,  Spiral  and  Split-Ring)  [2j. 

A  new  version  of  908-apart-stem  RFQ  structure,  hence¬ 
forth  called  “4-ladder”,  which  combines  the  merits  of  4- 
vane  and  4-rod  RFQ’s,  has  been  developed  in  the  frame¬ 
work  of  a  collaboration  between  ITEP  and  INFN-LNL  in 
contact  with  the  CERN  design  group  of  the  “Lead  Ion 
Linac  Facility”. 

During  1992,  a  full  scale  cold  model  of  a  100  MHs  struc¬ 
ture  was  built  in  ITEP  (Fig.  1)  and  MAFIA  simulations 
were  carried  out  at  LNL.  Both  simulations  and  measure¬ 
ments  showed  a  reliable  mode  separation  without  any  Vane 
Coupling  Rings  (VCR)  and  with  a  good  RF  efficiency. 

2  4- VANE,  4-ROD  AND  4-LADDER  RFQ 

The  main  parameters  taken  into  account,  for  a  proper  de¬ 
sign  of  an  RFQ  structure  and  its  outer  resonator,  are: 


Fig.  1:  Full  scale  100  MHs  cold  model  built  at  ITEP 


-  RF  power  losses  (to  be  minimised); 

-  mode  separation  (to  be  maximised); 

-  end  region  effects  (properly  controlled); 

-  dimensions  (feasibility); 

-  mechanical  features  (feasibility). 

To  reduce  RF  power  losses,  it  is  necessary  to  choose 
structures  with  a  high  shunt-impedance  Z&,  defined  as 
Ve2/P  where  Ve  is  the  inter-electrode  voltage  and  P  is  the 
dissipated  power.  In  general,  the  4-vane  RFQ  has  an  higher 
Z*  with  respect  to  the  4-rod  one:  in  fact  the  whole  inner 
tank  surface  is  a  part  of  the  resonant  system  and  this  allows 
to  decrease  the  current  density  and  hence  to  reduce  power 
losses.  The  same  happens  for  our  4-ladder  structure:  from 
the  point  of  view  of  RF  efficiency,  it  should  be  just  a  little 
worse  than  a  4-vane. 

The  need  for  a  negligible  emittance  growth  requires 
a  very  stable  RF  field  distribution  inside  the  structure; 
it  means  first  of  all  a  good  separation  of  the  operating 
quadrupole  mode  fro m  the  dipole  ones.  It’s  known  that  a 
4-rod  RFQ  (particulary  a  “double  support”  one)  has  abso¬ 
lute  freedom  from  undesired  dipole  components,  due  to  the 
coupling  effect  of  the  frames,  so  /<up  is  quite  higher  than 
/quad  (even  double).  On  the  contrary,  in  a  4-vane  RFQ  the 
difference  is  only  of  a  few  percent  (with  /dip  <  /quad)  and 
VCR  or  other  coupling  mechanism  have  often  to  be  used 
to  reject  undesired  dipole  modes;  furthermore,  there  are 
some  problems  with  mode  separation  in  long  resonators 
(L  >  2A).  In  the  4-ladder  structure  this  separation  is  ex¬ 
pected  to  be  rather  larger  than  in  the  4-vane  resonator, 
due  to  the  strong  magnetic  coupling  between  neighbouring 
quadrants  through  the  windows. 
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A  conect  end  regions  tuning  is  needed  in  order  to  guar¬ 
antee  a  flat  inter-electrode  voltage  distribution  along  the 
structure.  Moreover,  a  recent  investigation  [3]  showed  that 
some  types  of  4-rod  RFQ’s  have  a  longitudinal  E,  compo¬ 
nent  of  the  electric  field  on  the  axis  in  the  region  between 
end  plate  and  electrodes;  this  effect  is  in  principle  negative 
as  it  perturbes  the  matching  of  the  beam,  nevertheless  it 
can  be  controlled  and  even  used  to  provide  a  velocity  mod¬ 
ulation  of  the  particle  beam  in  order  to  reduce  the  emit- 
tance  growth  in  the  accelerating  channel  [4].  From  the 
point  of  view  of  end  region  effects,  our  4-ladder  structure 
is  close  to  the  4-vane  one,  because  the  tuning  may  be  ob¬ 
tained  by  changing  the  sise  of  the  last  window;  nevertheless 
we  expect  to  have  an  E,  component,  because  of  the  shift 
between  vertical  and  horisontal  windows  (i.e.  of  the  shift 
of  the  points  exciting  the  accelerating  channel).  This  effect 
depends  on  the  ratio  between  the  distance  of  these  points 
and  the  wavelength  A  and  we  found  that  it  is  easily  elim¬ 
inated  if  we  install  the  windows  in  the  same  longitudinal 
position. 

The  dimension  of  a  4- vane  structure  is  larger  in  compar¬ 
ison  with  a  4-rod  resonator,  and  it  becomes  unpractically 
large  at  frequencies  lower  than  100  MHi.  The  4-ladder 
structure  is  smaller  in  comparison  with  the  4- vane  one  and 
a  little  larger  than  the  4-rod  one. 

From  the  point  of  view  of  mechanical  stability,  rigid¬ 
ity  and  simplicity,  the  4-vane  resonator  is  more  attractive, 
combining  a  very  high  accuracy  in  manufacture  and  align¬ 
ment.  The  4-rod  structure,  though  being  quite  simple  in 
manufacture,  has  many  joints  (by  means  of  welding,  braz¬ 
ing  or  bolt  connections)  between  supports  and  electrodes. 
From  this  point  of  view,  the  4-ladder  structure  is  similar 
to  a  4-vane,  because  it  has  no  joints  between  electrodes 
and  stems,  thus  keeping  the  same  rigidity  and  accuracy  of 
manufacture. 

It  should  be  noticed  that  a  90°  arrangement  had  been 
used  earlier  in  the  low  energy  /3A/2  RFQ  at  Frankfurt, 
where  two  orthogonally  placed  stems  with  a  connecting 
strip  are  a  typical  inductance  (having  in  contrast  to  the 
“90°-apart-stem”  structure  practically  no  coupling  with 
the  tank)  and  in  the  Split-Coaxial  Resonator,  where  stems 
are  elements  of  joint  that  connect  separated  fingers  to  suit¬ 
able  RF  potential  points  of  the  resonator  [5].  Besides, 
during  the  comparison  study  of  RFQ  structures  for  the 
Lead-Ion  Linac  at  CERN  [6],  a  version  of  “90°-apart-stem” 
structure  had  been  considered,  having  cylindrical  stems  lo¬ 
cated  90°  apart  from  each  other  and  from  the  axis,  which 
connect  opposite  electrodes  by  means  of  frames. 

3  NUMERICAL  SIMULATIONS 

Using  the  MAFIA  codes  [7],  the  structure  shown  in  Fig.  2 
has  been  studied  with  respect  to  all  the  previous  features. 

First  of  all  it  was  optimized  Rom  the  point  of  view  of 
RF  efficiency:  the  tank  diameter  was  not  changed,  but 
both  the  size  of  the  windows  and  their  position  were  ad¬ 
justed  (keeping  the  same  distance  between  their  centers); 
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Fig.  3:  MAFIA  plot  of  B  field  through  the  windows  (left) 
and  detail  of  E  field  in  the  end  region  (right) 


Fig.  4:  MAFIA  plot  of  normalised  Ve(z) 


actually  three  versions  of  the  structure  were  tested.  In  the 
best  case,  the  specific  shunt-impedance  R, h  =  340  kflm 
was  achieved,  with  Q  =  1.5  xlO4  (full  copper  structure). 

As  foreseen,  the  dipole  modes  were  found  more  than 
20  MHz  higher  than  the  quadrupole  one;  this  separation 
is  enough  to  guarantee  their  suppression.  A  plot  of  the 
harmonic  magnetic  flux  density  is  presented  in  Fig.  3-left; 
notice  the  B  lines  coupling  a  quadrant  to  another. 

An  electric  field  E,  was  found  on  the  axis,  in  the  gap 
between  end  plate  and  electrodes,  as  shown  in  Fig.  3-right; 
on  the  other  hand,  simulations  confirmed  that  it  can  be 
eliminated  by  moving  the  horizontal  and  vertical  windows 
to  the  same  longitudinal  position.  The  inter-electrode  volt¬ 
age  distribution  Ve(z)  is  shown  in  Fig.  4;  the  small  drop 
on  the  ends  (~2  %)  disappears  with  a  proper  tuning  of  the 
end  regions. 
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In  Tab.  1  the  results  from  simulations  are  presented 
(copper  tank  and  aluminium  electrodes). 


width  x  height 

{quad 

(dip 

Q- value 

R»h 

(m) 

(MHs) 

(MHs) 

(103) 

(kO-m) 

0.17x0.13 

119.91 

139.79 

10.9 

202 

0.20x0.135 

110.21 

132.74 

11.6 

235 

0.22x0.17 

99.93 

124.90 

12.7 

291 

Tab.  1:  Computed  parameters  in  function  of  window  sise 


This  work  is  presently  continuing  for  another  structure, 
working  around  400  MHs;  first  results  show  the  possibility 
to  tune  end  regions. 

4  MEASUREMENTS  ON  COLD  MODELS 

In  order  to  determine  the  accuracy  of  calculations,  mea¬ 
surements  were  performed  on  the  cold  model  shown  in 
Fig.  1,  (without  modulation  of  the  electrodes)  using  all  the 
three  simulated  versions.  The  dimensions  of  that  structure 
are: 

-  Inner  tank  diameter  -  0.44  m 

-  Length  of  the  structure  -  0.64  m 

-  Length  of  the  electrodes  -  0.60  m 

-  Aperture  radius  -  0.003  m 

-  Curvature  radius  of  electrode  tip  -  0.003  m 

-  Gap  between  end  plates  and  electrodes  -  0.02  m 

-  Distance  between  the  centers  of  the  windows  -  0.24  m 

-  Material  of  the  electrodes  -  aluminium 

-  Material  of  the  tank  (and  end  plates)  -  copper 

Copper  strips  were  used  to  connect  the  vanes  to  the 
tank  by  means  of  screws. 

The  electric  field  distribution  between  each  pair  of  elec¬ 
trodes  has  been  measured  with  the  “bead-pull”  technique. 
The  measurement  results  are  just  coinciding  with  the  sim¬ 
ulation  ones. 

A  small  discrepancy  (~  3%)  was  observed  concerning 
the  calculation  of  frequencies:  the  measured  ones  are  a 
little  bit  lower  than  the  computed  ones,  mainly  because 
the  MAFIA  approximation  of  the  electrode  tip  was  rather 
rough.  Notice  the  split  of  the  dipole  mode  into  two  distinct 
modes,  due  to  mechanical  asymmetries. 

The  measured  Q-values  are  within  2.7  3.9  x  103;  this 

poor  result  is  due  to  bad  contacts.  The  same  applies  for 
specific  shunt  impedance. 

In  Tab.  2  the  measurements  results  are  presented. 

5  CONCLUSIONS 

The  investigation  of  the  4-ladder  structure,  as  one  of  the 
possible  versions  of  the  90°-apart-stem  RFQ,  showed  that 
it  can  be  used  in  accelerator  technique:  it  has  good  RF 
efficiency  (quite  reliable  mode  separation  and  field  distri¬ 
bution)  and  mantains  such  merits  of  a  4-vane  structure  as 
simplicity  of  manufacture  and  mechanical  stability. 


width  x  height 
(m) 

(quad 

(MHs) 

Cdip 

(MHs) 

Q- value 

(io3) 

R«h 

(kfl-m) 

0.17x0.13 

116.03 

135.0 

135.8 

3.9 

76 

0.20x0.135 

106.60 

128.5 

128.9 

3.3 

70 

0.22x0.17 

97.06 

124.0 

124.3 

2.7 

63 

Tab.  2:  Measured  parameters  in  function  of  window  sise 


The  idea  of  an  orthogonal  arrangement  allows  to  design 
structures  for  wide  range  of  frequencies;  indeed,  for  low 
frequency  RFQ,  one  can  use  spirals  instead  of  stems.  The 
stems  can  be  connected  directly  to  the  electrodes  without 
any  frames,  or  by  means  of  frames.  In  the  first  case,  there 
is  no  limitation  to  install  neighbouring  orthogonal  stems 
(in  our  case  windows)  at  the  same  longitudinal  position 
and  hence  to  eliminate  completely  the  E,  component  on 
the  avis  in  the  end  regions. 

It  should  also  be  noted  that  MAFIA  codes  are  a  very 
good  instrument  of  investigation  for  resonant  structures, 
allowing  to  get  reliable  information  about  all  the  parame¬ 
ters  of  interest. 
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Abstract 

The  integration  and  performance  of  subsystems  on  the 
Superconducting  Super  Collider  Laboratory  (SSCL)  428  MHz, 
0.1%  duty  factor  radiofrequency  quadrupole  accelerator  is 
reported.  Results  of  low-  and  high-power  rf  measurements  on 
the  RFQ  cavity  are  compared  to  design  specifications. 
Operation  of  the  integrated  RFQ  vacuum,  temperature  and 
supervisory  control  systems  are  described. 

I.  INTRODUCTION 

The  radiofrequency  quadrupole  (RFQ)  accelerator  for  the 
SSCL  Linac  is  designed  to  accelerate  up  to  50  mA  of  H‘  ions 
from  35  keV  to  2.5  MeV.  The  SSCL  RFQ  is  the  first  to  use 
a  ramped  inter-vane  voltage  to  maintain  high  transverse 
(focussing)  field  strength  through  the  accelerating  sections  [  1  ] . 
The  vane  profile  was  designed  using  an  eight-term  potential 
and  the  maximum  peak  surface  fields  were  limited  to  a 
conservative  36  MV/m  (1.8  Kilpatrick). 

The  SSCL  requirement  for  a  high-reliability,  low-risk  and 
low-cost  RFQ  design  was  satisfied  by  the  choice  of 
demonstrated  technology  and  fabrication  techniques  from  the 
Los  Alamos  National  Laboratory  (LANL)  [2].  The  RFQ 
cavity  is  a  2.2  m  (<*>  three  wavelengths)  structure  fabricated 
from  tellurium -coppei  The  structure  comprises  two  axial 
segments  bolted  together  to  form  the  resonant  cavity.  Each 
segment  is  a  near  copy  of  an  existing  LANL  cavity  design, 
fabricated  by  electro-forming,  at  room  temperature,  four 
identical  vane/cavity  quadrant  sections  together.  The  resulting 
monolithic  assembly  features  a  stress-free  integral  vacuum 
vessel  with  no  cross-sectional  rf  joints. 

Following  shipment  from  LANL  in  August  1992,  the  RFQ 
was  assembled  at  the  SSCL  Central  Facility  (CF),  in 
Waxahachie,  for  final  acceptance  low  level  rf  tests.  The 
structure  was  then  integrated  with  the  vacuum  and  temperature 
control  [3],  600  kW  rf  amplifier  [4]  and  computer  control 
subsystems.  After  passing  an  integrated  operational  safety 
review  in  early  December  1992,  DOE  approval  was  granted  to 
start  high-power  rf  conditioning.  By  the  end  of  1992,  the 
cavity  was  rf  conditioned  to  fields  up  to  1 15%  of  design  (i.e., 
2. 1  Kp).  Details  of  the  cavity  conditioning  and  acceptance  tests 
on  the  rf  amplifier  are  presented  in  a  companion  paper  [5]. 

The  RFQ  accelerated  first  beam  in  early  April  of  this  year. 
Presently,  the  RFQ  is  undergoing  beam  acceptance  testing  to 
verify  the  design  energy,  transmission  and  emittance.  A 
companion  paper  [6]  discusses  the  preliminary  acceptance  test 
results  and  describes  the  ion  source/LEBT  arrangement. 

'Operated  by  the  University  Research  Association,  Inc.  for  the 
U.S.  DOE,  under  contract  No.  DE-AC35-89ER40486. 


Figure  1  is  a  photograph  of  the  RFQ  as  installed  at  CF, 
showing  vacuum,  temperature  control  and  rf  connections. 


Figure  1.  Photograph  showing  the  RFQ  as  installed  at  the 
SSCL  Central  Facility. 

II.  RF  TUNING  AND  SUBSYSTEM  INTEGRATION 
A.  RF  Tuning 

The  RFQ  was  first  assembled  at  LANL  for  low  level  rf 
tuning  of  the  cavity  [2].  LANL  personnel  reverified  cavity 
tuning  after  the  RFQ  was  assembled  on  the  support  stand  at 
SSCL.  No  significant  post-delivery  tuning  deviations  were 
measured,  and  the  RFQ  met  the  field  balance  and  voltage 
ramp  design  requirements. 

The  design  requirement  for  the  unloaded  cavity  Q  for  the 
SSCL  RFQ  was  7500.  At  LANL,  the  unloaded  cavity  Q  of 
s  7150  was  measured.  By  installing  aluminum  and  copper 
substitutes,  it  was  determined  that  the  low  Q  was  due  to  the 
SSCL  endwall  assemblies.  At  SSCL,  the  highest  Q  value 
measured  was  «  6850.  The  assemblies  are  stainless  steel  with 
electro-deposited  Cu  rf  surfaces;  the  quality  /uniformity  of  the 
plating  is  suspect  (the  design  requirement  was  a  minimum 
thickness  15  pm,  or  three  skin  depths).  The  lower-than-design 
Q  values  were  considered  acceptable  as  they  represent,  at 
most,  a  10%  increase  in  the  rf  power  requirement. 

The  RFQ  cavity  is  required  to  operate  at  a  resonant 
frequency  of  427.617  MHz.  The  cavity  was  timed  to  resonate 
at  this  frequency  at  40.5°C.  Figure  2  shows  a  plot  of  the 
resonant  frequency  versus  cavity  temperature  for  the 
completed  cavity  assembly.  At  40.5°C,  the  resonant  frequency 
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is  *  50  kHz  higher  then  the  design  value.  The  difference  is 
attributed  to  vacuum  isolation  plugs,  in  the  endwall  bead-pull 
holes,  which  were  not  installed  when  the  cavity  was  tuned. 
Unless  the  cavity  is  retuned,  an  operating  temperature  of 
*  46.5°C  is  required  to  operate  at  the  required  frequency. 
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Figure  2.  SSCL  RFQ  resonant  frequency  versus  cavity 
temperature. 


B.  Vacuum  and  Temperature  Control 

Two  parallel  450  1/s  turbopump  systems  provide  vacuum 
pumping  on  the  RFQ  [3]  through  vacuum  manifolds  at  the 
high-  and  low-energy  ends.  The  manifolds  connect  through 
bellows  to  143  1/s  conductance  vacuum  pumping  ports  on  each 
of  the  four  cavity  quadrants.  Gate  valves  provide  vacuum 
isolation  between  the  pump  systems  and  the  manifolds.  Sentry 
valves  and  molecular  sieves  prevent  migration  of  oil  from  the 
backing  pumps  to  the  RFQ  cavity.  Beam-line  isolation  valves 
were  custom-designed  to  fit  in  to  the  tightly-confined  endwall 
spaces  at  the  entrance  and  exit  of  the  RFQ. 

At  the  operating  temperature,  the  base  vacuum  pressure 
(measured  in  the  manifolds)  is  typically  »  5x10'“  Pa,  well 
within  the  1.3x10'’  Pa  base  pressure  design  requirement  (at 
room  temperature,  the  pressure  falls  by  a  factor  of  five).  The 
pressure  is  also  within  the  6.5x10'’  Pa  operating  pressure 
design  requirement  when  the  isolation  valve  to  the  source  is 
open.  The  system  has  operated  now  for  over  3000  hr,  and 
base  pressures  are  routinely  achieved  within  15  minutes  of 
starting  a  pump  down  from  atmosphere  (the  RFQ  is  only  back¬ 
filled  with  dry  N,).  The  endwall  isolation  valves  provide  an 
adequate  vacuum  seal,  and  total  cavity  leak  rates  are  less  than 
the  2xl0’10  Pa  m’/s  design  requirement. 

A  temperature  control  unit  (TCU)  [3]  supplies 
temperature-controlled,  low-conductivity  water  (LCW)  to  the 
RFQ  to  frequency-stabilize  the  resonant  cavity.  The  TCU 
system  comprises  a  pump  and  heater  to  recirculate  heated 


LCW  through  a  network  of  channels  in  the  RFQ  vanes.  An 
elevated  LCW  temperature,  40.5°C  design,  was  chosen  to 
simplify  the  system  by  eliminating  the  need  for  a  chiller.  A 
temperature  controller  regulates  the  LCW  temperature  by 
operating  a  heater  or  by  bleeding  in  cooler  water  (30°C  - 
35°C)  from  the  primary  LCW  supply.  Resistive  temperature 
devices  (RTD’s)  in  the  cavity  walls  monitor  the  temperature  of 
the  RFQ  structure. 

The  TCU  was  designed  for  a  35°C  -  45°C  operating 
range.  However,  satisfactory  operation  has  been  demonstrated 
at  operating  temperatures  up  to  50°C.  To  avoid  retuning  the 
cavity,  a  46.5°C  operating  temperature  was  established  as  the 
nominal  operating  temperature  (see  Section  II  A). 
Temperature  stability  is  well  within  the  ±  0.5°C  design 
requirement  and  the  cavity  temperature  can  be  raised  from 
ambient  to  the  operating  setpoint  within  one-half  hour  (better 
than  the  one  hour  design  requirement). 

C.  Computer  Control 

The  vacuum  system  and  TCU  are  computer  controlled 
through  a  UNIX/CAMAC  based,  distributed  control  system. 
The  system  is  based  on  TACL  (Thaumaturgic  Automatic 
Control  Logic)  software,  developed  at  the  Continuous  Electron 
Beam  Accelerator  Facility  [7].  The  system  provides  the 
operator  with  control/monitoring  functions  including:  display 
screens,  hardware  access  routines  and  datalogging. 

To  simplify  operation,  the  vacuum  system  is  fully 
automated.  TACL  provides  a  set  of  start-up,  shutdown  and 
valve  control  sequences  through  "point-and-click"  buttons  on 
a  display  screen.  System  pressures,  valve  positions  and 
vacuum  pump  conditions  are  also  displayed.  The  TCU 
recirculating  pump  and  temperature  set-point  are  computer 
controlled,  and  LCW  flows  and  temperatures  are  monitored. 
Note:  All  safety  interlock  functions  are  hardwired. 

To  date,  TACL  has  provided  satisfactory  control  and 
monitoring  functions  for  the  RFQ  vacuum  and  TCU 
subsystems.  However,  TACL  will  be  replaced  by  an  VME 
based  EPICS2  global  control  system  which  will  be  the  SCCL 
standard.  EPICS  is  currently  used  to  control  the  rf  amplifier. 

D.  RFQ  Beam  Diagnostics 

Diagnostic  instrumentation  consisting  of  segmented 
apertures,  Faraday  cups  and  wire  scanners  are  installed  in  the 
RFQ  endwalls.  A  companion  paper  describes  these  devices 
and  outlines  the  current  commissioning  status  [8]. 

III.  RFQ  CAVITY  HIGH  POWER  OPERATION 

The  RFQ  cavity  was  successfully  conditioned  to  cavity  fields 
up  to  *  115%  of  the  1 .8  Kilpatrick  design  after  only  10  hr  [5]. 
Once  conditioned,  cavity  power  can  be  raised  to  design 

’Software  produced  under  US  Government  Contracts:  W-7405- 
ENG-36  at  L  ANL  and  W-3 1  - 1 09-ENG-38  at  Argonne  National 
Laboratoiy. 
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levels  almost  immediately.  Presently  operation  is  virtually 
spark  free,  and  spark-rates  are  unaffected  by  the  source  gas 
load.  A  reflected  power  trip  on  the  rf  amplifier  (active  after 
the  cavity  fill  time)  has  proven  critical  to  maintain  cavity 
conditioning;  the  trip  level  is  typically  set  at  10%. 

Figure  3  shows  a  plot  of  the  RFQ  peak  inter-vane  voltage 
at  the  high-energy  end  versus  peak  cavity  power  (the  dashed 
curve  is  a  fitted  square  root  function).  The  peak  voltage  was 
determined  from  measurements  of  the  vane-tip,  x-ray 
bremsstrahlung  endpoint  energy  (viewed  through  an  exit  end 
vacuum  port)  using  a  collimated,  Ge  spectrometer  system. 
Cavity  power  was  determined  from  the  rf  amplifier  forward 
and  reverse  power,  and  is  in  agreement  with  measurements 
using  the  calibrated  rf  cavity  probes  [2].  Absolute  errors  on 
the  plotted  values  are  estimated  to  be  ±  5%  on  power  and  a 
few  percent  uncertainty  in  voltage. 

At  the  1 .8  Kilpatrick  design  field,  the  inter-vane  voltage 
at  the  high-energy  end  is  89  keV.  Figure  3  shows  that 
330  kW  of  cavity  power  is  required  to  establish  design  field 
levels.  Considering  measurement  errors,  and  the  lower  than 
design  Q  (Section  II  A),  the  required  power  of  330  kW  is 
within  acceptable  limits  of  the  <  300  kW  design  power 
requirement.  Low-  to  high-energy  end  ratios  of  the  x-ray 
endpoint  energies  are  in  good  agreement  with  the  0.62  value 
calculated  from  the  design  voltage  ramp. 


Figure  3.  SSCL  RFQ  peak  inter-vane  voltage,  at  the 
high-energy  end,  versus  peak  cavity  power. 


The  low  (<  0.1%)  duty-factor  of  the  RFQ  results  in  low 
average  x-ray  field  emissions  from  the  structure.  In  general, 
contact  dose-rates  are  <  0.5  pSv/hr.  Higher  dose-rates  are 
measured  at  the  vacuum  port  manifolds  where  the  cavity 
shielding  is  minimal.  At  the  high-energy  end  manifold,  where 
inter-vane  voltages  are  the  largest,  dose -rates  are  <  10  pSv/hr. 

Due  to  the  low  duty-factor,  there  is  little  effect  on  the 
cavity  temperature  from  rf  power.  At  design  power  levels, 
only  a  slight  («  0.3°C)  temperature  increase  in  the  cavity  wall 
is  measured,  due  to  differential  heating.  This  temperature 


increase  is  well  within  the  ±  0.5°C  design  stability 
requirement.  At  design  power,  the  increased  cavity  pressure 
is  within  a  factor  of  three  of  the  5x1  O'6  Pa  base  pressure  (well 
within  the  6.5xl0'5  Pa  operating  pressure  design  requirement). 

IV.  CONCLUDING  REMARKS 

The  SSCL  RFQ  has  been  successfully  assembled  and 
integrated  with  its  ancillary  supports,  rf  amplifier  and 
computer  control  systems.  High-power  operation  of  the  RFQ 
has  been  demonstrated  to  130%  of  the  design  power  and  beam 
operation  has  commenced.  Operations  at  the  SSCL  Central 
Facility  will  continue  until  the  RFQ  injector  is  moved  to  the 
permanent  tunnel  location  later  this  year. 
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Abstract 

Simulations  of  the  SSC  RFQ  output  beam,  run  on  the 
RFQ  multiparticle  code  PARMTEQ,  are  compared  with 
measurements  from  the  SSC  linac  injector  system.  Some 
simulated  RFQ  input  beams  are  generated  from  experimental 
observations  of  the  output  beams  of  the  SSC  einzel-lens  Low 
Energy  Beam  Transport  (LEBT)  that  focuses  the  beam  from 
the  ion  source  into  the  RFQ;  this  is  the  first  LEBT  to  be  tested 
with  the  RFQ. 

I.  INTRODUCTION 

Now  that  operation  of  the  SSC  RFQ  has  begun  [1], 
experimental  beam  output  data  from  this  machine  can  be 
compared  to  beam-dynamics  simulation  results  from  the 
PARMTEQ  multiparticle  code.  These  comparisons  are 
important  in  the  preliminary  setup  of  the  RFQ  and  its 
diagnostics  and  are  used  extensively  to  establish  whether  the 
RFQ  is  operating  as  expected.  They  can  establish  credibility 
for  simulations  of  current  RFQ  operating  conditions,  and  by 
extension,  to  simulations  of  other  operating  conditions  or  input 
beams;  for  instance  in  error  studies  [2].  Finally,  they  can  be 
used  to  verify,  and  if  necessary  to  adjust,  simulated  RFQ  beam 
outputs  to  accurately  represent  the  RFQ  output  beam  for 
simulations  of  downstream  components  of  the  SSC  Linac. 

II.  CALCULATIONS 

The  RFQ  simulation  code  used  in  these  calculations  is 
derived  from  the  Los  Alamos  National  Laboratory  VAX 
version  of  the  PARMTEQ  particle-following  code  [3].  The 
LANL  code  was  modified  at  the  SSC  to  allow  input  from  a  file 
of  particle  coordinates,  to  use  an  eight-term  expansion  of  vane 
field  potential  [4]  rather  than  the  original  two-term  potential, 
to  produce  specialized  outputs  and  to  run  on  UNIX.  A  special 
version  of  the  resulting  SSCL  code  was  further  modified  to 
investigate  the  effect  of  3-D  space-charge  and  image-charge 
effects,  because  these  have  been  shown  to  result  in  decreased 
simulated  beam  transmission  in  some  RFQs  [5],  This  version 
of  the  code  was  adapted  to  the  SSCL  Hypercube  multi¬ 
processor  computer  because  of  its  long  running  time. 

The  nominal  input  beam  used  in  the  RFQ  design  [4]  was 
a  matched  4-D  waterbag  of  30  mA  with  £rms,n=0-2  n  mm- 
mrad.  Test  runs  with  the  SSCL  version  of  PARMTEQ  gave 
virtually  the  same  results  with  this  beam  as  were  obtained  at 
LANL,  95%  transmission  and  unchanged  normalized 
emittance.  The  3-D  space-charge,  image-charge  version  pro¬ 
duced  slightly  higher  transmission  but  within  statistical  error 
and  we  consider  the  results  to  be  essentially  identical. 

*  Operated  by  the  University  Research  Association,  Inc.  for  the  U.S. 
Department  of  Energy,  under  contract  No.  DE-AC35-89ER40486. 


Many  parameter  study  simulations  (such  as  error  studies) 
have  been  run  at  LANL  and  SSC  with  the  nominal  design 
beam  in  the  course  of  design  and  analysis.  We  now  have 
recent  experimental  LEBT  output  beam  data  that  can  be  used 
in  simulations  [61.  Files  of  particle  coordinates  are  generated 
by  random  sampling  from  experimental  slit-and-collector  data 
files.  These  coordinate  files  are  used  for  input  to  simulation 
codes  and  for  plotting  in  the  same  format  as  simulation  code 
output  for  easier  comparison. 

Simulated  RFQ  output  particles  were  transported  through 
the  RFQ  fringe  field  and  drifted  to  the  slit  position  of  the  slit- 
and-collector  (22  cm)  or  the  wire  position  of  the  bunch  shape 
monitor  (15  cm)  by  the  particle-following  code  PARMILA 
[7].  There  is  a  vertical  (y)  waist  in  the  beam  about  8  cm  from 
the  RFQ  output  with  an  x-y  aspect  ratio  of  more  than  3  to  1, 
therefore  a  3-D  space-charge  subroutine  was  used. 

III.  RESULTS 

A.  Input  Beam 

An  einzel-lens  LEBT  is  presently  being  used  to  focus 
and  steer  the  volume  ion  source  output  beam  into  the  RFQ. 
Slit-and-collector  emittance  data  was  taken  at  the  output  of  the 
LEBT  with  the  einzel  lens  focusing  and  steering  voltages 
adjusted  to  give  the  best  apparent  match  of  the  central  beam 
Twiss  parameters  to  the  RFQ  input  acceptance.  This  is  the 
input  beam  that  was  used  in  the  simulations  reported  in  this 
paper.  The  resulting  experimental  distributions  are  shown  in 
Fig.  1  with  the  nominal  input  beam  ellipse. 

After  the  LEBT  was  mated  to  the  RFQ  and  the  RFQ  was 
turned  on,  LEBT  focusing  and  steering  voltages  were  adjusted 
by  hand  to  the  settings  that  gave  the  highest  beam  transmission 
through  the  RFQ.  Beam  transmission  was  found  to  be  quite 
sensitive  to  LEBT  voltages  (set  using  analog  meters),  therefore 
the  RFQ  input  distribution  used  for  the  calculations  in  this 
paper  may  be  somewhat  different  from  that  measured  at  the 
LEBT  output.  Input  current  for  the  simulations  was  30  mA; 
measurements  were  made  at  approximately  the  same  or 
perhaps  slightly  higher  current 

Simulations  were  also  done  with  an  input  beam  derived 
from  earlier  measurements  on  a  previous,  slightly  different, 
version  of  the  source-LEBT  combination.  Simulated  RFQ 
transmission  of  that  beam  was  significantly  better,  up  to  65%. 
We  believe  the  difference  in  the  input  beams  is  due  primarily 
to  dissimilar  settings  of  the  focusing  and  steering  electrodes 
rather  than  to  the  mechanical  differences  of  the  devices.  As 
time  permits,  we  intend  to  remove  the  present  source-LEBT 
from  the  RFQ  and  more  completely  characterize  the  LEBT 
output  beam  with  variations  in  focusing  and  steering.  These 
measurements  will  provide  data  for  further  simulations. 
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Figure  I.  Experimental  particle  distributions  (in  cm  and 
mrad)  from  the  einzel  lens  LEBT.  The  design 
specification  beam  emittance  ellipse  is  shown. 

b.  Output  Beam:  Transverse 

In  Figs.  2  and  3,  y-y’  particle  plots  of  simulated  and 
measured  output  beams  at  the  slit  position  are  shown.  The 
y-  projection  was  chosen  because  it  is  more  compact  than  the 
x-projection.  Emittance  ellipses  of  equivalent  uniform  beams 
(S  *  Erms)  are  shown  for  measured  and  simulated  beams. 
Table  I  gives  beam  parameters.  As  can  be  seen,  Twiss 
parameters  are  similar  but  transmitted  current  and  emittances 
are  larger  for  the  measured  beam.  This  may  be  a  result  of 
differences  in  the  RFQ  input  beam  between  the  LEBT 
measurements  at  the  LEBT  output  and  that  used  for  the  RFQ 
measurements. 
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Figure  2.  Transverse  (y-y')  particle  plot  in  cm  and  mrad 
of  simulated  output  beams  at  the  slit  position. 
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Figure  3.  Transverse  (y-y1)  particle  plot  (in  cm  and  mrad) 
of  measured  output  beam  at  the  slit  position. 

TABLE  I. 

SIMULATED  AND  MEASURED  BEAM  PARAMETERS 


Current, 


Beta, 

mm/ii-mrad 

1  Tt-mm-mrad  1 

HNHHI KHS5S551 

2.53 

0.172 

0.58 

0.187 

3.00 

0.247 

0.40 

0.249 
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B.  Output  Beam:  Longitudinal 

The  longitudinal  profile  of  the  simulated  beam  bunch  for 
a  full-current  beam  is  compared  with  data  from  the  bunch 
shape  monitor  in  Ref.  [8]  and  shows  qualitatively  good 
agreement,  with  a  smooth  shape.  Bunch  shape  monitor 
measurements  were  also  taken  with  the  LEBT  defocused  to 
reduce  beam  current  to  a  small  value  below  the  range  of  the 
RFQ  output  toroid.  At  this  low  current,  the  bunch  length 
monitor  was  easily  able  to  resolve  a  good  signal,  as  shown  in 
Fig.  4.  It  contained  much  more  structure  than  the  high-current 
beam  signal. 


Figure  4.  Measured  longitudinal  phase  signal  from  the 
bunch  shape  monitor. 

A  simulation  was  done  with  the  experimental  RFQ  input 
particle  distribution  with  input  current  reduced  to  1  mA. 
About  half  of  this  current  was  transmitted  through  the  RFQ. 
After  the  drift  the  longitudinal  distribution  is  shown  in  Fig.  5. 


Figure  S.  Longitudinal  particle  plot  in  phase  and  energy 
of  simulated  RFQ  output  beam  at  bunch  shape  monitor. 


It  is  clearly  evident  that  for  the  very-low-curreni  case, 
structure  is  produced  in  the  RFQ  output  longitudinal  phase 
distribution  by  "wrap-around"  of  the  initial  monoenergetic 
beam  in  the  RFQ  bucket.  This  structure  is  destroyed  by  space- 
charge  effects  if  beam  current  is  more  than  a  few 
milliamperes.  The  details  of  the  phase  distribution  of  the  RFQ 
output  beam  are  influenced  by  the  input  beam  distribution  and 
current,  and  by  the  RFQ  vane  voltage,  of  which  only  the  vane 
voltage  was  known  with  any  certainty.  A  comparison  of  the 
detailed  structure  of  the  measured  vs.  simulated  low-current 
beams  is  likely  to  be  unproductive  until  actual  conditions  can 
be  better  determined.  Nevertheless  it  is  interesting  that  the 
bunch  shape  monitor  can  be  used  for  such  a  comparison. 

IV.  CONCLUSIONS 

These  preliminary  comparisons  between  measured  and 
simulated  output  data  for  the  SSC  RFQ  show  remarkably  good 
agreement  for  an  accelerator  in  the  early  stages  of 
commissioning.  However,  much  work  needs  to  be  done  with 
detailed  measurements  and  corresponding  computer  runs  to 
investigate  the  parameter  range  of  this  source-LEBT-RFQ 
combination  and  to  prepare  for  commissioning  of  downstream 
linac  components. 

The  SSC  plans  to  test  the  Helical  Electrostatic 
Quadrupole  (HESQ)  [9]  in  the  near  future,  and  this  will 
provide  an  opportunity  to  use  measured  HESQ  LEBT  outputs 
in  RFQ  simulations. 
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Abstract 

The  Superconducting  Super  Collider  (SSC)  LINAC 
Injector  is  currently  operating  with  an  RF-driven  volume  ion 
source  coupled  with  an  einzel  lens  Low  Energy  Beam  Trans¬ 
port  (LEBT).The  ion  source,  LEBT  and  beam  diagnostics  are 
integrated  into  a  compact  vacuum  enclosure  which  is  mounted 
to  the  upstream  end  wall  of  the  Radio  Frequency  Quadrupole 
(RFQ).  Beam  dynamic  requirements  imposed  a  minimum  lon¬ 
gitudinal  space  of  only  23.5  cm,  thus  creating  a  very  challeng¬ 
ing  packaging  problem.  In  addition,  optimum  beam  matching 
to  the  RFQ  specified  a  maximum  gap  of  1  cm  between  the 
LEBT  and  the  entrance  endwall  face,  thereby  excluding  the  use 
of  a  bellows  between  the  LEBT  chamber  and  the  RFQ.  Vac¬ 
uum  system  induced  loads  and  vibrations  are  isolated  from  the 
beamline  components  by  the  use  of  a  straddling  support  frame 
which  is  an  integral  component  of  the  vacuum  system/  support 
cart  This  paper  will  describe  some  of  the  unique  aspects  of  the 
mechanical  design  resulting  from  beam  requirements,  high  gas 
load,  availability  of  the  vacuum  system  and  the  need  for 
unconstrained  attachment  to  the  RFQ.  In  addition,  the  mobile 
installation  cart  and  the  fully  automated  vacuum  control  sys¬ 
tem  will  be  discussed. 

I.  INTRODUCTION 

Figure  1  shows  the  SSC  LINAC  Injector  set  up  for  com¬ 
missioning  at  its  temporary  location  at  the  SSC  Central  Facil¬ 
ity.  The  first  2.5  MeV  output  beam  was  successfully  produced 
on  April  8, 1993.  With  30  mA  at  35  keV  out  of  the  source,  the 
Injector  output  current  was  18  mA,  60%  of  specified  transmis¬ 
sion.  An  extensive  experimental  schedule  is  planned  to  fully 
characterize  all  injector  subsystem  components  in  order  to 
maximize  their  performance  and  reliability,  thereby  insuring 
the  long  term  availability  of  the  LINAC. 

The  ion  source  and  LEBT  subsystems  of  the  Injector  are 
not  configured  as  fixed,  floor  mounted  devices,  but  instead  are 
integrated  into  a  mobile  vacuum  system  /support  cart  which  is 
designed  for  rapid  installation  and  removal  to  the  RFQ  as  a 
unit.  This  feature  permits  off-line  operation  for  fine  tuning  of 
the  ion  source  and  LEBT  when  necessary,  while  the  RFQ 
remains  under  vacuum  and  RF  conditioned.  Mobility  of  the  ion 
source/LEBT  installation  also  allows  for  improved  access  to 
the  RFQ  downstream  endwall  when  servicing  beam  instrumen¬ 
tation  modules  and  endwall  isolation  valves. 


♦Operated  by  the  University  Research  Association,  In,.,  for  the 
U.S.  Department  of  Energy,  under  contract  No.  DE-AC35- 
89ER40486. 


II.  ION  SOURCE  &  LEBT  SUBSYSTEMS 

Parallel  R&D  programs  were  used  to  evaluate  the  perfor¬ 
mance  and  reliability  of  both  a  Magnetron  and  RF  Volume  H' 
sources  for  near  term  LINAC  Injector  commissioning.  An  RF 
Volume  IT  ion  source,  based  on  RF  induction  discharge,  devel¬ 
oped  for  the  SSC  by  LBL[  1  ]  was  the  best  performing  near  term 
candidate.  Beam  is  extracted  at  35  keV  and  at  a  current  as  high 
as  40  mA  of  H'.  High  electron  current  which  is  an  inherent 
characteristic  of  this  type  of  ion  source  is  deflected  out  of  the 
beam  by  a  spectrometer  assembly.  This  ion  source  was  chosen 
not  only  because  of  its  favorable  beam  performance^],  but 
also  due  to  its  high  reliability,  simplicity  of  its  controls  and 
extremely  short  start  up  time. 

Since  the  SSC  LINAC  requires  short  pulses,  electro 
static  LEBT  candidates  were  suitable  options.  The  30  mA 
operating  current  is  small  enough  that  several  LEBTs  using 
electric  field  focusing  can  be  used.  An  einzel  lens,  HESQ  and 
ESQ  have  been  fabricated  and  tested,  and  are  currently  under¬ 
going  further  R&D.  The  einzel  lens  was  the  best  characterized 
LEBT[3]  of  the  three  at  the  present  time  and  offered  the  sim¬ 
plest  integration  for  near  term  Injector  commissioning. 


Figure  1 .  SSC  LINAC  Injector. 


HI.  MECHANICAL  INTEGRATION 

A.  Design  Requirements  &  Features 

The  design  requirements  evolved  early  cm  as  a  combina¬ 
tion  set  of  worse  case  requirements  for  the  two  ion  source  and 
the  three  LEBT  candidate  integration  schemes.  A  universal  and 
upgradable  approach  was  utilized  for  the  final  support  frame 
and  vacuum  system  installation  concept.  Many  of  die  solutions 
applied  to  the  RF  Volume  source  installation  were  developed 
originally  for  the  Magnetron/einzel  lens  combination. 

Three  primary  requirements  drove  the  design  and  overall 
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configuration  of  the  system.  1)  The  vacuum  capacity  (pumping 
speed)  at  the  chamber  of  2000  1/s  was  a  function  of  the  ion 
source’s  gas  load  and  the  maximum  allowable  operating  pres¬ 
sure  of  7.0  x  10*4  Pa  in  the  LEBT.  2)  Beam  divergence  and 
matching  as  a  function  of  LEBT  type,  and  the  spacial  relation¬ 
ship  of  components  -  this  dictated  the  minimum  length  of  the 
vacuum  chamber.  3)  Existing  mounting  features  on  die  endwall 
and  minimum  induced  loads  at  the  RFQ.  A  cross  section  of  the 
packaging  scheme  that  is  used  is  shown  in  figure  2.  All  other 
features  unique  to  the  integration  scheme  were  determined 
from  beam  diagnostics,  availability  and  serviceability  of  the 
subsystems,  and  general  LIN  AC  commissioning  requirements. 
Table  1  summarizes  the  main  features  incorporated  into  the 
design. 

Table  1 

MECHANICAL  INTEGRATION  FEATURES 

*  Compact  vacuum  enclosure  (23.5  cm  Lg) 

*  Vacuum  enclosure  cantilever  mounted  to  the  RFQ 

*  Vacuum  system  supported  independent  from  chamber 

*  (2)  Pairs  of  opposing  bellows  (no  induced  vacuum  loads) 

*  (4)  900 1/s  (H2)  Turbopumps  with  ceramic  bearings 

*  (4)  Automatic  Vacuum  Gate  Valves  with  Iso  160  Flanges 

*  Fully  automatic  vacuum  control  system 

*  (1)  Current  Toroid  &  (1)  Deployable  Faraday  Cup 

*  (8)  LEBT  externally  accessible  alignment  adjusters 

*  Cart  supports  vacuum  enclosure  for  off-line  use 

*  Source  alignment  adjustment  in  X,  Y  &  Z  axis 

B.  Vacuum  Enclosure 

The  vacuum  enclosure  is  designed  as  a  minimum  enve¬ 
lope,  just  large  enough  (35  cm  ID)  to  prevent  arcing  from  the 
35  keV  reentrant  flange  of  the  ion  source  and  to  provide  suffi¬ 
cient  vacuum  conductance  for  differential  pumping  of  the 
LEBT.  The  front  flange  provides  a  12  bolt  hole  pattern  and  o- 
ring  groove  for  hard  mounting  to  the  RFQ  endwall.  The  rear 
flange  is  designed  to  interface  with  the  ion  source  assembly. 
Enclosure  length  is  a  function  of  optimized  beam  matching 
requirements  -  an  8  mm  gap  between  the  electron  separator  and 
LEBT  is  available  for  locating  a  Faraday  cup.  Figure  2  depicts 
the  chamber  and  the  internal  relationship  of  all  the  compo¬ 
nents. 

For  ease  of  fabrication,  and  to  make  maximum  use  of 
commercially  available  flanges,  the  chamber  was  made  from 
304  &  316  stainless  steel.  Four  Iso  160  flanges,  spaced  90* 
apart  allowed  for  compact  installation  of  the  vacuum  pumos,  in 
addition  to  providing  3000 1/s  of  conductance  at  the  cht^iber. 
The  requirement  of  minimizing  distortions  of  the  RFQ  speci¬ 
fied  a  82  kg  and  26  kg-m  limit  for  the  total  cantilevered 
mounted  assembly.  Figure  3  shows  the  integrated  chamber 
installed  to  the  RFQ  endwall. 

C.  Component  Alignment  &  LEBT  Support  Scheme 

The  LEBT  can  be  aligned  externally  to  a  precision  of 
±0. 1  mm  with  the  use  of  long  piloted  set  screws  acting  inboard 
on  the  LEBT’s  casing.  These  adjusting  screw  are  located  con- 


Figure  2.  General  Arrangement  of  RF  Volume  Source 
&  einzel  lens  LEBT  Integration  scheme. 

centrically  within  the  support  tubes  spanning  from  the  LEBT’s 
support  ring  to  mini  conflat  flanges  welded  to  the  chamber. 
Four  support  tubes  are  bolted  radially  to  each  ring  and  after 
their  mounting  bolts  are  fully  tensioned,  the  assembly  forms  a 
rigid  support  spider.  Since  the  spiders  consist  of  a  mechanical 
assembly  only,  they  can  be  replaced  to  accommodate  different 
size  LEBT  lens. 

The  ion  source  is  aligned  to  the  LEBT  in  the  transverse 
plane  within  ±0.1  mm  with  the  aid  of  four  bucking  screws  act¬ 
ing  mi  the  source’s  rear  flange.  Axial  position  of  the  ion  source 
assembly  can  be  adjusted  with  a  machined  spacer.  Component 
alignment  can  be  referenced  to  either  a  datum  cm  the  chamber 
or  directly  to  an  RFQ  reference.  Prealigned  installation  to  the 
RFQ  is  maintained  and  provided  by  two  brass  bushingfinseits. 

D.  Beam  Instrumentation 

A  single  current  toroid  is  located  at  the  exit  end  of  the 
LEBT  to  monitor  current  transmission  thru  the  LEBT.  The  tor¬ 
oid  was  sized  so  it  would  mount  directly  on  the  LEBT  casing, 
allowing  it  to  move  with  the  LEBT  during  alignment.  A  graph¬ 
ite  Faraday  cup  was  located  in  the  8  mm  gap  between  the  elec¬ 
tron  separator  and  LEBT’s  first  element.  The  cup  is  mounted 
on  the  end  of  a  pivoting  arm  and  is  deployed  by  a  1”  travel  lin¬ 
ear  actuator.  A  rotational  deployment  scheme  created  a  more 
compact  mechanism,  along  with  limiting  the  external  dimen¬ 
sion  of  the  actuator. 

E.  Support  Frame  and  Vacuum  System  Cart 

An  existing  general  purpose  diagnostic  cart  was  utilized 
for  integrating  design  specific  structural  elements  and  all  vac¬ 
uum  components.  The  bare  cart  is  a  heavy  duty  welded  alumi¬ 
num  structure  that  offered  many  mounting  options.  The 
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packaging  scheme  adopted  allows  the  ion  source/LEBT  sub¬ 
system  to  be  fully  mobile  and  functional  in  both  Injector,  and 
off-line  modes.  Design  specific  structure  consists  of  aluminum 
adapting  plates  and  mounting  shelves.  A  welded  aluminum 
frame  straddles  the  vacuum  enclosure  and  carries  all  vacuum 
induced  loads  and  the  weight  of  the  pumps  and  gate  valves. 
The  gate  valves  and  bellows  are  mounted  cm  plates  with  adjust¬ 
able  mounting  locations.  Provision  for  aligning  the  cart  and 
frame  are  incorporated  into  the  design.  The  cart  is  designed  for 
multi  mode  use  -  it  has  provisions  for  supporting  the  vacuum 
chamber  while  being  installed  and  removed  from  the  RFQ,  as 
well  as  for  off-line  testing  (operating  while  removed  from  the 
RFQ).  Figure  4  represents  the  as-  built  hardware. 

F.  Vacuum  System 

The  vacuum  system  utilizes  four  900  I/s  (H2)  ceramic 
bearing  turbopumps.  Space  limitations  required  pumps  which 
could  be  mounted  in  any  orientation.  Since  the  pumps  are 
mounted  to  the  support  frame  which  are  connected  to  the 
chamber  via  bellows,  frequent  separation  of  the  bellows  from 
the  chamber,  necessitated  the  use  of  Iso  flanges  due  to  their 
quick  disconnect  feature.  Automatic  gate  valves  are  used  at 
each  location  to  allow  removal  of  a  failed  pump  without  bring¬ 
ing  the  entire  system  up  to  air.  The  use  of  four  pumps  provides 
an  additional  1000 1/s  of  redundancy,  allowing  the  ion  source/ 
LEBT  to  continue  operating  with  cme  failed  pump.  Two  identi¬ 
cal  roughing  pump  strings  service  each  pair  of  turbopumps. 
Sentry  valves,  electro-pneumatic  in-line  valves,  automatic  vent 
valves,  seven  convectron  gauges  and  a  single  ion  gauge  are 
incorporated  into  the  system,  and  are  hardwired  and  interlock 
to  a  fully  automated  control  system.  Figure  4  shows  the 
arrangement  of  the  vacuum  system  components. 


Figure  3.  Volume  Source/LEBT  installed  to  RFQ. 


IV.  VACUUM  CONTROL  SYSTEM 

The  Ion  Source  vacuum  control  system  is  fully  inter¬ 
locked  and  automated.  A  hardwired  interlocking  scheme  was 
implemented  for  machine  safety.  The  control  system  software 
is  TACL  (Thaumaturgic  Automatic  Control  Logic,  developed 
at  CEBAF).  The  control  system  includes  one  supervisor/data- 
base  computer  and  one  slave,  which  in  turn  controls  a  CAMAC 


crate.  All  the  signals  required  for  operation  are  generated  by 
general  purpose  CAMAC  boards.  This  control  system  also 
controls  the  RFQ  vacuum  system.  The  pumpdown  sequence, 
failure  detection,  recovery  and  stop  sequence  are  completely 
automated.  The  Controls  Group  has  selected  EPICS  (devel¬ 
oped  at  LANL)  as  the  control  software  which  will  be  used  at 
the  SSC,  and  VME  as  the  bus  technology.  EPICS  is  ideally 
suited  for  controlling  large  systems  and  VME  will  allow 
increased  density,  as  well  as  a  large  base  of  available  products. 
The  ion  source  vacuum  control  system  will  be  ported  to  VME 
and  EPICS  in  the  near  future. 

V.  CONCLUSIONS 

The  successful  mechanical  integration  of  the  RF  volume 
ion  source  and  einzel  lens  LEBT  to  the  RFQ,  along  with  the 
extensive  development  of  all  other  subsystems  has  created  a 
world  class  Injector  at  the  SSCL.  Improved  LEBTs  are  in 
development  which  will  be  installed  and  operated  to  increase 
the  beam  current  transmission  of  the  RFQ. 
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Abstract 

In  this  experiment  a  4-m-long  radio-frequency 
quadruple  (RFQ)  resonating  at  348  MHz  was  split  into  two 
2-m-long  RFQs.  The  two  RFQs  were  then  rejoined  with 
resonant  coupling1  to  form  a  segmented  4-m-long  RFQ.  This 
coupling  improved  both  the  longitudinal  and  transverse 
stability  of  the  4-m-long  RFQ.  The  frequencies  of  all  the 
modes  near  the  RFQ  mode  and  the  sensitivity  of  the  RFQ 
mode  to  perturbations  were  measured.  This  paper  presents 
the  results  of  these  measurements  and  the  compares  them 
with  measurements  of  the  original  4-m-long  RFQ.  Both  the 
original  RFQ  and  the  resonant-coupled  RFQ  use  four  rods 
(dipole  stabilizers)  on  the  end  plates  to  adjust  the  frequencies 
of  the  dipole  modes.  Slug  tuners  distributed  along  its  outer 
walls  tune  the  RFQ.  Modifications  to  the  program 
RFQTUNE2  allow  its  use  for  tuning  tire  segmented  RFQs. 
This  paper  also  describes  the  tuning  procedure. 

INTRODUCTION 

The  Continuous  Wave  Deuteron  Demonstrator  (CWDD) 
RFQ  cold  model  was  originally  built  to  determine  the 
feasibility  of  building  the  4-m-long  CWDD  RFQ.3  The 
model  has  four  1-m-long  sections  that  are  bolted  together  to 
form  one  continuous  structure.  The  modifications  for 
resonant  coupling  consisted  of  (1)  machining  undercuts  on 
the  end  of  the  vanes  at  the  center  joint  and  (2)  joining  the 
resulting  two  2-m-long  segments  with  a  coupling  plate  (see 
Figure  1)  that  separates  the  two  segments.  Each  segment  is  a 
complete  RFQ  with  vane  undercuts  and  dipole  stabilizers  on 
each  end. 

Although  each  segment  can  be  tuned  to  the  correct 
frequency  and  field  distribution  before  they  are  joined,  in  this 
experiment  the  two  segments  were  joined  before  tuning.  The 
coupling  plate  has  a  large  center  hole  through  which  the 
vane  ends,  above  the  undercut,  partially  extend.  When  the 
two  segments  are  joined,  the  vane  tips  almost  touch.  The 
distance  between  the  vane  tips  is  adjusted  to  provide  the 
correct  amount  of  capacitance  between  the  two  segments. 
The  coupling  plate  has  dipole  stabilizers  on  both  sides. 

Figure  1  shows  the  details  of  the  resonant-coupling  joint 
in  the  8-m-long  RFQ  designed  for  the  Accelerator  for  the 
Production  of  Tritium  (APT)  project.  The  coupling  plate  has 
stabilizer  rods  mounted  on  both  sides  of  it  that  are  identical 
to  the  stabilizer  rods  at  the  ends  of  the  RFQ.  These  rods 
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adjust  the  frequency  of  the  dipole  modes  to  minimize  the 
mixing  of  dipole  modes  with  the  operating  frequency.  The 
APT  RFQ  requires  cooling  channels  for  cw  operation.  Some 
of  the  cooling  channels  are  shown  in  Figure  1 . 


0.02S-COI  GAP  BETWEEN 


Figure  1  Details  of  the  joint  between  segments 
RESONANT  COUPLING 

Resonant  coupling  in  a  segmented  RFQ  provides 
longitudinal  field  stabilization.  In  this  RFQ  design  resonant 
coupling  also  provides  a  stop  band  in  the  dipole  mode 
dispersion  curve  around  the  operating  frequency  of  the  RFQ. 
This  stop  band  improves  the  transverse  stability  of  the  RFQ 
by  eliminating  the  dipole  modes  close  to  the  frequency  of  the 
operating  mode. 

Figure  2  shows  the  modes  in  the  4-m-long  CWDD  RFQ 
cold  model  without  segments.  The  modes  labeled  "1-3 
dipole"  are  dipole  modes  with  fields  that  are  predominantly 
in  the  quadrants  labeled  1  and  3;  the  modes  labeled  "2-4 
dipole"  have  fields  in  the  quadrants  labeled  2  and  4.  The 
quadrants  are  labeled  clockwise  from  1  to  4  with  the  lower 
left  quadrant  labeled  1,  when  viewed  from  the  low  energy 
end  of  the  RFQ.  Figure  2  also  shows  where  the  estimated 
frequencies  of  the  additional  modes  that  are  found  in  an  8- 
m-long  RFQ  would  lie  if  its  dispersion  curves  were 
superimposed  on  those  of  the  4-m-long  CWDD  RFQ  cold 
model.  Figure  3  shows  the  dispersion  curves  of  this  same 
RFQ  after  it  was  modified  with  resonant  coupling.  This 
Figure  also  shows  the  estimated  frequencies  of  additional 
modes  labeled  "8-m  RFQ,"  that  occur  in  the  8-m-long  RFQ 
with  resonant  coupling.  There  are  twice  as  many  modes  in  a 
given  frequency  range  in  the  8-m-long  RFQ  as  in  the  4-m- 
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long  RFQ.  The  mode  numbers  shown  at  the  bottom  of  Figure 
2  are  for  the  4-m-long  RFQ.  The  two  orientations  of  the 
dipole  modes  are  degenerate  in  a  perfectly  symmetric  RFQ 
and  the  dipole  dispersion  curves  lie  on  top  of  each  other  in 
both  figures. 


Figure  2  Modes  found  in  CWDD  RFQ  cold  model 

The  operating  mode  is  the  quadrupole  mode  near  348 
MHz  in  these  figures.  In  Figure  2  the  operating  mode  is  the 
quadrupole  mock  number  0.  In  Figure  3  the  operating  mode 
is  the  quadrupole  mode  with  0  phase  shift  per  segment.  Note 
that  the  mode  nearest  the  operating  mode  in  both  cases  is  a 
quadrupole  mode.  In  the  CWDD  cold  model  the  nearest 
mode  is  the  quadrupole  mode  number  1  which  is  2.1  MHz 
higher  than  the  operating  mode.  Doubling  this  RFQ  in 
length  would  make  the  nearest  quadrupole  mode  only  0.5 
MHz  higher  than  the  operating  mode  This  slight  difference 
would  probably  make  the  8-m-long  RFQ  difficult  if  not 
impossible  to  tune.  The  dipole  mode  could  be  moved  away 
from  the  quadrupole  mode  in  an  8-m-long  RFQ  but  not  by 
more  than  2  MHz. 

In  the  resonantly  coupled  CWDD  RFQ  cold  model  the 
modes  nearest  the  operating  mode  are  at  ±4.45  MHz.  In  the 
APT  RFQ  the  nearest  modes  are  at  ±2.2  MHz.  Therefore, 
perturbations  will  tend  to  mix  these  modes  equally  but  with 
opposite  sign  with  the  operating  mode.  These  modes  will 
have  similar  characteristics.  Thus,  the  effect  of  mixing  one 
of  these  modes  with  the  operating  mode  is  canceled  by  the 
other  mode.  This  cancellation  is  one  way  of  describing  the 
stabilization  of  the  fields  in  a  compensated  resonantly 
coupled  system.  However,  in  a  RFQ  with  2-m-long 
segments,  the  modes  are  different  enough  that  there  is  only 
partial  cancellation.  In  places  where  the  modes  actually  add, 
the  amplitude  of  the  modes  is  small. 


In  a  resonantly  coup:ed  RFQ  of  this  type  the  nearest 
dipole  is  about  8  MHz  from  the  operating  mode.  This 
separation  of  the  dipole  modes  from  the  operating  mode  is  a 
factor-of-two  improvement  over  the  CWDD  RFQ.  This 
separation  of  modes  is  also  better  than  the  mode  separation 
in  the  2.2  m  long  Super  conducting  Super  Collider  (SSC) 
RFQ4  which  has  dipole  modes  at  ±6.4  MHz  from  the 
operating  mode. 


Figure  3  Dispersion  curves  of  the  modes  found  the  in 
resonantly  coupled  CWDD  RFQ  cold  model 


SENSITIVITY  TO  PERTURBATIONS 

The  effect  of  perturbations  was  measured  in  the  CWDD 
RFQ  cold  model  before  (Figure  4)  and  after  the  RFQ  was 
modified  with  resonant  coupling  (Figure  5).  Figure  4  shows 
the  percentage  change  in  the  fields  from  a  25-kHz 
perturbation.  Figure  5  shows  the  percentage  change  in  the 
fields  from  a  100-kHz  perturbation  that  consisted  of  two  50- 
kHz  perturbations. 

Note  that  the  vertical  scale  in  Figure  4  is  ±3%,  while  in 
Figure  5  it  is  ±6%.  The  perturbation  in  the  resonantly 
coupled  RFQ  cavity  is  four  times  greater  than  that  in  the 
continuous  RFQ's  cavity.  These  perturbations  distort  the 
quadrupole  fields  differently.  However,  the  maximum 
change  in  the  coupled  RFQ  cavity  is  only  twice  as  great  for  a 
four  times  greater  perturbation.  In  addition,  this  comparison 
also  shows  that  the  average  field  in  the  two  halves  of  the 
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resonantly  coupled  RFQ  is  almost  unchanged,  whereas  the 
average  field  in  the  first  two  meters  in  the  CWDD  RFQ  is 
about  2%  less  than  in  the  second  two  meters. 


Figure  4  Percent  change  in  fields  in  CWDD  RFQ  (25- 
kHz  perturbation). 


Figure  5  Percent  change  in  fields  in  resonant  coupled 
RFQ  (100  kHz  perturbation). 

In  the  resonantly  coupled  CWDD  RFQ,  the  effect  of  the 
perturbations  on  the  dipole  fields  appears  to  be  localized  to 
the  segment  containing  the  perturbation.  As  shown  by  the 
perturbation  measurements,  which  were  performed  about 
every  50  cm  throughout  the  first  segment,  this  localization  of 
the  perturbation  effects  held  true  for  all  measured  locations. 

TUNING 

The  field  strength  in  an  RFQ  is  measured  with  the  bead- 
perturbation  technique.3  In  this  technique  a  metal  bead  is 
suspended  on  a  nylon  line  and  is  drawn  through  the  four 
quadrants  near  the  RFQ's  outer  wall.  The  bead  perturbs  the 
structure  and  changes  the  resonant  frequency,  depending  on 
the  electric  and  magnetic  field  strength.  In  RFQs  with 
constant  capacitance  between  the  vane  tips  and  constant 
cross  section  the  electric  field  strength,  in  the  bore  of  the 


RFQ,  is  directly  proportional  to  the  magnetic  field  strength. 
The  technique  actually  measures  the  magnetic  field  strength 
because  the  magnetic  field  dominates  the  perturbation  near 
the  outer  wall. 

The  desired  magnetic  field  profile  as  well  as  the  bead- 
perturbation  data  is  input  to  the  program  RFQTUNE.  The 
measured  frequency  of  all  the  nearby  modes  must  also  be 
input  to  RFQTXJNE  so  that  it  can  calculate  the  shape  of  each 
mode  and  the  effect  of  a  perturbation  at  each  slug  tuner. 
Then,  RFQTUNE  calculates  the  position  of  each  tuner  to 
adjust  the  fields  in  the  RFQ  to  the  desired  profile.  The 
program  has  timed  the  following  RFQs:  CWDD,  the  Ground 
Test  Accelerator,6  SSC,  and  the  4-m-long  resonantly  coupled 
CWDD  cold  model.  The  CWDD  RFQ  and  the  4-m-long 
CWDD  cold  model  each  have  80  tuners. 

Final  rf  tuning  includes  the  following: 

1.  Machine  the  undercuts  on  the  vane  ends  to  achieve  the 
desired  shape  of  the  fields  at  the  end  of  the  vanes. 

2.  Machine  the  end  of  the  vanes  at  the  segment  joints  to 
adjust  the  resonant  coupling.  This  process  adjusts  the 
frequency  of  the  nearby  dipole  modes  to  equalize  the 
spacing  of  the  dipole  modes. 

3.  Machine  the  dipole  stabilizers  to  the  proper  lengths  to 
establish  the  optimum  frequencies  of  the  dipole  modes. 

4.  Machine  the  slug  tuner  lengths  to  achieve  the  required 
frequency,  the  required  quadrupole  field  profile,  and  the 
minimum  dipole  field. 

REFERENCES 

1.  M.  Jean  Browman  and  Lloyd  M.  Young,  "Coupled  Radio¬ 
frequency  Quadruples  as  Compensated  Structures,"  in 
Proceedings  of  the  1990  Linear  Accelerator  Conference, 
(Albuquerque,  NM,  September  10-14, 1990),  pp.  70-72. 

2.  L.  Young,  "Tuning  and  Stabilization  of  RFQ's,"  in 
Proceedings  of  the  1990  Linear  Accelerator  Conference, 
(Albuquerque,  NM,  September  10-14,  1990),  pp.  530- 
534. 

3.  G.  E.  McMichael,  "High-Current  CW  RFQ's,"  in 
Conference  Record  of  the  1991  IEEE  Particle 
Accelerator  Conference,  (San  Francisco,  CA,  May  6-9, 
1991),  pp.  2093-2097. 

4.  T.  S.  Bhatia,  J.  H.  Billen,  A.  Cucchetti,  F.  W.  Guy,  G. 
Neuschaefer,  L.  M.  Young  "Beam  Dynamics  Design  of 
an  RFQ  for  the  SSC  Laboratory"  in  Conference  Record  of 
the  1991  IEEE  Particle  Accelerator  Conference  (San 
Francisco,  CA.,  May  6-9, 1991),  pp.  1884-1886 

5.  E.  L.  Ginzton,  "Resonant-cavity  Characteristics: 
Measurement  of  Rq/Qq,"  in  Microwave  Measurements, 
(McGraw  Hill,  1957),  Chapter  10,  pp.  435-461. 

6.  K.  F.  Johnson,  etal.,  "Commissioning  of  the  Ground  Test 
Accelerator  RFQ,"  in  1992  Linear  Accelerator 
Conference  Proceedings,  (Ottawa,  Ontario,  Canada, 
August  24-28,  1992),  pp.  64-66. 


3138 


Experiments  with  the  High  Current  RFQ  Prototype  for  GSI* 


A.  Kipper,  A.  Schempp,  H.  Deitinghoff,  J.  Madlung,  T.  Ludwig,  K.  Volk,  O.  Engels,  A.  Firjahn- Andersch,  H.  Vormann 

Institut  fiir  Angewandte  Physik 
Johann  Wolfgang  Goethe-Universitat 
D-60054  Frankfurt,  FRG 


Abstract 

A  new  high  current  injector  (HSI)  for  the  UNILAC  and 
the  SIS  synchrotron  for  all  ions  up  to  Uranium  is  planned  at 
GSI  [1],[2].  The  Spiral-RFQ  accelerator  accepts  low  energy 
(2.2  keV/u),  high  current  (2S  mA)  beams  with  low  charge 
states  (U1*)  at  an  operating  frequency  of  27  MHz.  Results  of 
particle  dynamics  calculations  and  structure  development  for 
the  first  crucial  part  of  the  HSI-RFQ,  where  all  bunch 
forming  is  done,  are  presented  together  with  results  of  rf 
measurements  and  first  beam  tests. 

I.  Introduction 

The  GSI  upgrading  program  [3], [4]  consists  of  the  new 
18  Tm  heavy  ion  synchrotron  SIS,  the  experimental  storage 
ring  ESR  and  the  two  new  injectors  HLI 
(Hochladungsinjektor)  and  HSI  (Hochstrominjektor).  With 
these  new  components  and  the  UNILAC  it  is  possible  to 
accelerate  all  elements  up  to  Uranium  to  energies  above 
1  GeV/u.  The  SIS  and  the  ESR  are  now  working  for  more 
than  2  years.  The  HLI  for  the  nuclear  physics  research 
program  at  the  UNILAC  is  also  succesfully  working  since 
June  92.  Figure  1  shows  the  plan  view  of  the  extended  GSI 
accelerator  facility. 


The  high  charge  injector  HLI  [S]  consists  of  a 
combination  of  an  ECR  ion  source,  a  4  Rod-RFQ  [6]  and  an 
IH-structure  [7],  both  operating  at  a  frequency  of  108.S  MHz. 
The  HLI  enables  direct  injection  of  UM*  into  the  Alvarez  part 
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of  the  UNILAC  at  an  energy  of  1.4  MeV/u  without  stripping. 
This  injector  is  designed  for  a  beam  current  of  5  pA  at  a  duty 
cycle  up  to  50  %. 

The  high  current  injector  HSI  is  designed  to  fill  the  SIS 
up  to  the  space  charge  limit  and  will  accept  e.g.  U2*  beams 
with  currents  as  high  as  25  mA  at  low  initial  particle  energies 
of  2.2  keV/u.  The  accelerator  structure  works  at  the  Wideroe 
frequency  of  27  MHz,  which  allows  a  beam  transfer  without 
frequency  jump.  A  gas  stripper  at  216  keV/u  produces  a 
reasonable  fraction  of  the  necessary  charge  state  of  U10*  for 
acceleration  in  the  second  Wideroe  part  of  the  UNILAC.  The 
second  gas  stripper  at  1.4  MeV/u  between  the  Wideroe  and 
the  Alvarez  part  provides  the  U2**  beam  for  postacceleration 
and  injection  into  the  SIS. 

EL  The  Spiral-RFQ-Stracture 

A  4  Rod-RFQ  with  spiral  shaped  supports  [8]  is  suitable 
for  operation  at  the  Wideroe  frequency  (27  MHz).  The  length 
of  a  spiral  arm  is  1180  mm,  the  height  is  450  mm.  Using  the 
spiral  stems  for  the  RFQ-accelerator  allows  the  application  of 
a  very  compact  vacuum  chamber  (e.g.  with  a  diameter  of 
only  600  mm).  Figure  2  shows  a  scheme  of  the  spiral 
structure. 


Figure  2  Scheme  of  the  spiral  structure 

The  whole  HSI-RFQ  will  have  an  overall  length  of  about 
35  m  to  reach  an  ion  velocity  corresponding  to  an  accelerator 
voltage  of  26  MV.  To  achieve  the  space  charge  limit  of 
0.2  mA  times  the  ratio  mass  over  charge  state  the  electrode 
voltage  has  to  be  180  kV  for  U2*.  A  short  test  resonator  of 
1  m  length  had  been  operated  with  even  higher  voltages  [9]. 
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III.  The  Spiral-RFQ-Prototype 

A.  Layout 

A  4  m  prototype  of  the  4  Rod-Spiral-RFQ  with  20  spiral 
supports  has  been  built  for  both,  rf  and  beam  test 
purposes  [10],[  11].  The  elecuodes  consist  of  the  flrst  231 
cells,  one  third  of  the  HSl's  total  cell  number.  These  231  cells 
cover  the  crucial  low-energy  part  of  the  HSI-RFQ,  where  the 
dc-beam  is  converted  into  a  bunched  beam.  Therefore  the  4  m 
prototype  can  give  relevant  information  on  beam  properties 
e.g.  emittance  growth.  Figure  3  shows  the  beam  dynamics 
layout  of  the  4  m  RFQ-Prototype.  A  survey  over  the  main 
parameters  of  the  RFQ-Prototype  is  given  in  table  1. 
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Figure  3  Beam  dynamics  layout 


Table  1 

Main  Parameters  of  the  RFQ 


f 

27.1  [MHz] 

Qo 

5400 

cells 

231 

Rp 

520  [kflm] 

Tin 

2.2  fkeV/ul 

Tout 

17.6  [keV/u] 

<pS 

-90  to  -  39  [  *  ] 

a 

7.0  -  6.02  [mm] 

m 

1  - 1.458 

®svnchr  (norm) 

0.9  n  [mm  mrad] 

£in 

0.3  re  [mm  mrad] 

length 

3950  [mm] 

ud 

1.51  A/UkV] 

spirals 

20 

Imax 

0.23  Aft,  [mA] 

V^amax 

130 

B.  Alignment  of  the  RFQ 

For  the  RFQ-Prototype  a  rectangular  vacuum  chamber 
made  of  aluminium  has  been  chosen.  Ten  large  lids  simplify 
the  mounting  and  adjustment  of  the  RFQ  structure.  The 
structure  has  been  aligned  with  an  opto-mechanical  system. 
For  reasons  of  manufacturing  each  4  m-electrode  consists  of 
21  pieces.  To  achieve  a  high  stability  the  electrodes  are  fixed 
and  brazed  on  ten  electrode  carriers,  each  about  100  mm 
long.  The  electrodes  are  adjusted  by  washers  with  a  precisely 
milled  thickness.  The  precision  of  the  electrode  alignment  is 
better  than  0.12  mm,  less  than  3  %  of  the  aperture  radius. 


C.  Rf- Measurements 

From  low  level  measurements  the  quality  factor  of 
Qo=S400  could  be  observed.  The  field  distribution  along  the 
beam  axis  has  a  maximun  deviation  of  less  than  2  %.  Rf-tests 
have  been  performed  upto  35  kW  pulsed  input  power  (67  kV) 
and  7.2  kW  in  cw  operation,  no  mechanical  and  cooling 
problems  could  be  observed.  From  beam-  and  rf- 
measurements  an  Rp-value  of  520  kQm  could  be  determined 
which  has  been  checked  with  x-ray  spectroscopy. 

IV.  Beam  experiments  with  He+ 

First  beam  experiments  have  been  done  at  the  Institut  fiir 
Angewandte  Physik.  Due  to  the  limited  rf-power  and 
extraction  voltage  light  ions  (He+)  have  been  used  for  the 
experiments.  The  corresponding  electrode  voltage  and  beam 
current  are  6  kV  and  0.8  mA,  respectively.  Figure  4  gives  a 
view  of  the  experimental  setup . 


Figure  4  Scheme  of  the  experimental  setup 

The  beam  was  extracted  from  a  duoplasmatron  source 
and  injected  into  the  RFQ  by  two  electrostatic  einzellenses. 
For  beam  analysis  an  emittance-measurement-device,  a  fast 
Faraday-cup  and  an  analyzing  magnet  had  been  installed. 

Figure  5  shows  the  rf-signal  of  a  pickup  loop  and  beam 
bunches  behind  the  RFQ  recorded  with  a  fast  Faraday  cup. 
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Figure  5  Measured  rf-signal  and  beam  bunch  behind  the 
RFQ. 

Corresponding  to  the  synchronous  phase  of  42*  -  38*  in 
the  final  part  of  the  prototype,  the  proper  output  energy  is 
reached  at  about  70  %  of  the  design  electrode  voltage,  as  can 
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be  seen  in  Figure  6.  Measurements  and  calculations  are  in 
goc.i  agreement. 


Figure  6  Ion  energy  vs.  electrode  voltage. 

The  maximum  transmitted  beam  current  was  980  ttA, 
but  due  to  the  input  emittance  with  the  typical  aberrations  of 
einzellenses  as  shown  in  Figure  7  the  transmission  at  design 
voltage  has  been  less  than  40%.  PARMTEQ  calculations 
with  this  input  emittance  delivered  transmission  curves  which 
are  in  good  agreement  with  the  measurements  [12].  Figure  8 
shows  the  calculated  transmission  curves  vs.  electrode 
voltage  for  the  design  input  emittance  (e^^.3  re  mm  mrad, 
a,=0.8,  P„=0.1  mm/mrad),  the  emittance  with  the  aberrations 
of  the  einzellenses  (e=0.5  n  mm  mrad,  a,=-0.8,  P„=0.04 
mm/mrad)  and  the  measured  transmission.  N+  in  the  beam, 
caused  by  a  leaky  valve  in  front  of  the  ion  source,  is 
responsable  for  the  tail  of  the  measured  transmission  curve. 
The  calculated  transport  of  N+  is  also  shown  in  Figure  8. 


Figure  7  Measured  Emittance  at  RFQ  input. 

V.  Status  and  Schedule 

The  He+  experiments  in  the  institute  have  been 
successfully  finished.  Next  plans  are  to  operate  the  prototype 
at  the  high  current  injector  test  stand  at  GSI  with  heavy  ions 
to  check  the  full  specifications. 


Figure  8  Calculated  and  measured  transmission  curves. 

VI.  References 

[1  ]  R.  Bock,  Gesellschaft  fur  Schwerionenforschung, 
Scientific  Report,  GSI-89-41, 1989 

[2]  D.  BOhne  et  al.,  "The  Performance  of  the  SIS  and 
Developments  at  GSI”,  Proc.  2nd  EPAC,  Nice,  p.  18, 
1990 

[3]  J.  Klabunde,  "The  UNILAC  Upgrade  Project”,  Proc. 
LINAC,  CEBAF-Rep.  89-001,  p.  242, 1989 

[4]  N.  Angert  et  al.,  "The  UNILAC  Modifications  for  an 
Improved  Synchrotron  Performance",  Proc.  2nd  EPAC, 
Nice,  p.  503, 1990 

[5]  J.  Klabunde,  "The  High  Charge  State  Injector  for  GSI", 
Proc.  LINAC,  Ottawa,  p.  570, 1992 

[6]  J.  Friedrich  et  al.,  "Performance  of  the  GSI  HLI-RFQ" 
Proc.  LINAC,  Ottawa,  p.  609, 1992 

[7]  U.  Ratzinger,  "A  Low  Beta  RF  Linac-Structure  of  the 
IH-  Type  with  Improved  Radial  Acceptance",  Proc.  LINAC, 

CEBAF-Rep.  89-001,  p.  185, 1989 

[8]  A.  Schempp  et  al.,  "Development  of  a  27  MHz  Heavy- 
Ion-Spiral  RFQ",  NIM  A278,  p.  169, 1989 

[9]  A.  Kipper  et  al.,  Gesellschaft  fur  Schwerionenforschung, 
Scientific  Report,  GSI-90-1,  p.  339, 1989 

[10]  A.  Schempp  et  al.,  "The  GSI  High  Current  RFQ 
Prototype",  Proc.  of  the  12th  Int.  Conf.  on  the 
Application  of  Accelerators  in  Research  and  Industry, 
Denton,  1992 

[1 1]  A.  Kipper  et  al.,  "The  High  Current  Spiral-RFQ 
Prototype",  Proc.  LINAC,  Ottawa,  p.  416, 1992 

[12]  H.  Deitinghoff,  this  Conference 


3141 


Transport  of  Ions  in  RFQ  -  Accelerators* 

J.  Dehen,  W.  Barth',  A.  Schempp  and  FI.  Deitinghoff 
lnstitut  fur  Angewandte  Physik  der  J.  W  Goethe  -  Universitat,  Robert- Mayer-Str  2-4 
D  6000  Frankfurt  am  Main,  BRD 
"now  at  lnstitut  fur  Biophysik  der  J.  W.  Goethe-Universitat 


Abstract 


II.  TRANSPORT  EXPERIMENTS 


Radio  Erequency  Quadrupole  (RFQ)  structures  [1,2]  are 
well  suited  to  accelerate  all  kinds  of  ions  at  low  particle 
energies  with  high  transmission  efficiency  even  at  high  beam 
currents.  Like  other  rf-accelerators  they  normally  have  a 
fixed  velocity  profile  and  corresponding  fixed  input  and 
output  energies  per  nucleon  of  the  accelerated  ions.  But  -  due 
to  the  strong  transverse  focusing  -  the  RFQ- accelerators  can 
also  capture  and  transport  very  efficiently  ions  with  energies 
and  specific  charge  states  even  far  away  from  the  design 
values  [3].  Results  of  calculations  will  be  presented  and 
compared  to  measurements. 


Transport  experiments  have  been  carried  out  with  a 
small  proton  RFQ  [7],  The  experimental  setup  is  shown 
schematically  in  fig.  1 .  The  proton  beam  is  extracted  by  an 
accel-de cel-system  from  a  plasma  beam  ion  source,  which 
deliveres  a  high  fraction  (  80%)  of  protons.  The  focusing  of 
the  beam  into  the  RFQ  is  done  by  a  solenoid.  The  RFQ  which 
is  of  the  split  coaxial  type  [8]  consists  of  32  cells  only  and 
bunches  and  accelerates  protons  from  6.S  to  SO  keV  at  an 
design  electrode  voltage  9  kV.  The  shaper  is  omitted 
for  a  shorter  length,  which  causes  longitudinal  losses.  The 
RFQ  operates  at  50  MHz,  the  total  length  is  58  cm. 


1.  INTRODUCTION 

RFQs  serve  today  in  manifold  functions  as  pre-  and 
postaccelerators,  injectors,  implanters  for  light  and  heavy 
ions,  for  low  and  high  currents  with  small  duty  cycles  up  to 
dc  operation  [4],  Also  RFQs  with  unmodulated  electrodes 
have  been  built  for  beam  transport  experiments  [5]  to 
investigate  current  limits  and  instabilities.  Here  the  beam 
behaviour  of  transported  beams  will  be  described  in  RFQs, 
which  were  designed  and  built  for  the  acceleration  of  ions. 
The  RFQ  design  has  to  be  made  for  the  lowest  charge  to  mass 
ratio  of  the  ions  to  be  accelerated,  input  and  output  specific 
energy  or  velocity  resp.  are  fixed  and  the  cell  length  of  the 
RFQ  must  fulfill  the  Wideroe  resonance  condition  1  =  vp/2f  = 
PjA^/2.  Energy  variable  RFQs  [6]  can  be  built,  when  the 
frequency  varies  with  the  particle  velocity  vp  ~  f.  The 
electrode  modulation  will  be  adjusted  for  simultaneous 
transverse  focusing  and  longitudinal  bunching  and 
acceleration  along  the  RFQ.  The  applied  electrode  voltage 
depends  on  the  specific  charge  and  is  chosen  in  such  way, 
that  QAUcostp,  is  matched  to  the  designed  vp  of  the  RFQ  cell 
considered.  Small  deviations  U  will  be  automatically 
corrected  by  the  ions  slipping  to  another  rf  phase  9,.  Ions 
with  input  energies  much  higher  or  smaller  than  the  design 
value  cannot  fulfill  the  Wideroe  condition  and  get  out  of  the 
acceleration  process,  the  same  happens  for  too  small 
electrode  voltages.  The  beam  behavior  for  these  cases  has 
been  studied  and  some  possible  applications  are  discussed. 
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Fig.  I,  Schematic  drawing  of  the  experimental  setup 

For  the  beam  diagnosis  behind  the  RFQ  a  Faraday  cup,  a 
bending  magnet  and  an  emittance  measurement  device  could 
be  used.  First  the  operation  at  design  values  has  been 
checked.  Fig.  2  shows  the  measured  transmission  curve  as 
function  of  electrode  voltage  for  the  design  input  energy  of 
6.5  keV. 


Fig.  2.  Measured  transmission  vs.  electrode  voltage  for 
design  input  energy,  Tin=  6.5  keV 
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As  can  be  seen  from  the  plot  some  fraction  of  the  beam 
is  transmitted  already,  when  no  electrode  voltage  is  applied, 
due  to  the  short  total  length.  With  increasing  voltage  the 
transmitted  beam  rises  already  before  acceleration  starts 
kV),  the  protons  being  transported  through  the  RFQ. 
At  high  voltages  the  beam  motion  gets  transversally  instable 
and  the  transmission  is  breaking  down  at  UB.  The  same 
behaviour  can  be  observed  in  fig.  3,  where  the  measured 
transmission  is  plotted  as  function  of  the  electrode  voltage  for 
proton  beams  with  input  energies  far  lower  than  the  design 
value  of  6.5  keV. 


Fig.  3  Transmission  vs.  electrode  voltage  for  three  beam 
input  energies:  1 .0, 1 .5  and  2.0  keV 


Again  the  transmission  first  rises  and  drops  at  high 
voltages,  but  now  the  break-down  voltage  U„  is  only  16.4  kV 
instead  of  21.7  kV  as  before.  This  lower  voltage  can  be 
explained  by  the  change  in  the  transverse  rf  defocusing,  when 
the  beam  is  transported  instead  of  being  accelerated.  Fig.  4 
gives  a  plot  of  the  measured  energy  spectra  for  three  different 
electrode  voltages  and  T„  =  1.5  keV.  At  the  low  voltage  of 
5.4  kV  only  some  energy  spread  had  been  introduced  into  the 
beam,  at  the  high  voltages  a  partial  acceleration  to  10  keV 
01^=50  keV)  took  place. 


Fig.  4  Energy  spectra  for  different  electrode  voltages 
and  T„  =  1.5  keV 


At  the  point  of  breakdown  of  the  transmission  the 
transverse  phase  advance  is  1 80’ ,  to  which  a  certain  focusing 
gradient  belongs.  If  the  radius  is  known  precisely,  from  this 
value  the  electrode  voltage  can  be  determined.  This  could  be 
an  additional  method  for  checking  the  shunt  impedance  and 
efficiency  of  a  RFQ  [9],  As  a  final  example  the  measured 
energy  spectra  for  the  transport  of  protons  as  function  of  the 
electrode  voltage  are  presented  in  fig.  5  for  constant  input 
energy. 


Fig.  5  Measured  energy  spectra  for  the  transport  of  a 
proton  beam  with  Ta=  5.5  keV  for  different 
electrode  voltages  below  the  design  voltage. 

As  can  be  seen  from  this  curves  the  outpu.  _ _ ifc. 

constant,  which  means  that  transport  takes  place.  The  width 
of  the  curve,  i.e.  the  energy  spread,  is  directly  proportional  to 
the  applied  electrode  voltage. 


III.  RFQ  WITH  DIFFERENT  OUTPUT  ENERGIES 

In  the  measurements  steps  in  the  output  energy  of  the 
beam  could  be  observed,  when  the  electrode  voltage  was 
varied  from  low  values  to  the  design  value  for  a  beam  with 
design  input  energy.  These  steps  could  be  reproduced  for 
certain  constant  voltages  and  were  better  marked  at  voltages 
closer  to  the  design  voltage.  This  effect  can  be  explained  as 
follows:  for  voltages  below  the  design  voltage  the  ions  must 
change  to  a  lower  synchronous  phase  to  be  stable  accelerated, 
if  the  voltage  is  such  low,  that  no  stable  phase  could  be 
found,  particles  can  no  longer  read)  the  design  energy.  For  a 
bunched  beam  with  a  small  bunch  width  the  whole  bunch 
will  tv  decelerated  and  can  loose  once,  twice  ore  even  more 
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often  the  electrode  voltage  times  charge  state  times 
acceleration  factor  in  energy.  PARMTEQ  calculations  came 
out  with  the  same  results.  This  effect  could  be  used  for  the 
design  of  a  RFQ  with  different  output  energies.  Fig.  6  shows 
as  an  example  the  longitudinal  and  transverse  beam 
behaviour  along  a  RFQ.  In  the  first  part  the  beam  is  mainly 
captured  and  bunched  before  acceleration  can  start. 


X(CM) 


Fig.  6.  Transverse  and  longitudinal  beam  behaviour 
along  a  RFQ 


If  the  RFQ  at  the  end  of  the  bunching  process  is  cut  into 
two  pieces,  already  two  final  energies  are  available:  The 
bunched  beam  can  be  transported  with  the  output  energy  of 
part  1  through  part  2  at  low  electrode  voltages  to  maintain 
transverse  focusing,  or  can  be  accelerated  in  part  2  to  the 
original  final  energy  at  design  voltage.  Two  more 
intermediate  energies  can  be  adjusted,  when  the  voltage  in 
part  2  is  varied.  Fig.  7  a  shows  the  result  of  PARMTEQ 
calculations  for  Ud  =  0.8U*,,,  fig.  7  b  for  Ud=  0.621^.  The 
final  energies  in  these  examples  are  30  and  40%  lower  than 
the  energy  with  acceleration.  Together  with  the  transport 
energy  of  50%  beyond,  four  different  output  energies  are 
available  with  high  transmission  and  good  beam  quality. 


IV.  CONCLUSION 

Measurements  and  calculations  show,  that  transport  of 
ions  with  good  beam  quality  in  RFQ  accelerators  is  possible. 
One  possible  application  is  the  design  of  RFQs  with  different 
end  energies  without  frequency  variation  e.g.  for  ion 
implantation. 


Fig.  7.  Example  of  longitudinal  motion  and  output 
emittances  for  lowered  electrode  voltage 
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Abstract 

A  low-energy  beam  transport  system  is  designed 
with  the  aim  of  transporting  a  30  mA,  35  kV  H" 
beam  from  a  volume  source  and  focusing  it  into  an 
RFQ.  The  characteristics  of  the  beam  from  the  source 
are  determined  analyzing  the  emittance  data.  The 
behavior  of  the  beam  through  the  LEBT  is  stud¬ 
ied  using  simulation  codes.  The  system  parameters 
are  optimized  so  that  the  LEBT  has  a  very  modest 
contribution  to  the  emittance  growth  (here  a  factor 
of  about  1.5)  and  the  emittance  budget  of  the  linac 
section  is  maintained. 

I.  INTRODUCTION 

One  of  the  vital  considerations  in  modern  high- 
energy  accelerators  is  related  to  the  design  of  an  effi¬ 
cient  low-energy  beam  transport  (LEBT)  section  so 
that  an  intense,  high-brightness  beam  (here  we  con¬ 
sider  an  H~  beam)  can  be  transported  over  certain 
distance  and  finally  focused  into  the  commonly  used 
RFQ  accelerator  in  the  linac  section.  The  emittance 
growth  in  the  LEBT  is  the  key  issue  in  developing 
a  good  scheme  at  the  low-energy  end  of  the  acceler¬ 
ator  chain.  Thus,  in  order  to  achieve  a  good  beam 
quality  and  match  it  to  the  acceptance  of  an  RFQ  a 
systematic  study  of  beam  dynamics  in  the  proceed¬ 
ing  sections  including  the  extraction  optics  of  the 
ion  source  is  warranted.  We  have  experienced  that 
emittance  measurements  of  the  beam  from  an  ion 
source  and  an  analysis  of  the  data  to  characterize 
the  beam  at  the  extraction  electrode  are  two  impor¬ 
tant  problems  in  the  context  of  designing  an  efficient 
LEBT.  Earlier  we  reported  [1,2]  on  the  beam  char¬ 
acterization  and  beam  dynamics  through  a  LEBT 
for  H-  beams  from  a  Penning- Dudnikov  type  [3] 
and  magnetron  type  sources.  In  recent  years  sig¬ 
nificant  progress  has  been  made  in  the  perfr  nance 
of  volume  sources  [4,5];  normalized  beam  brightness 
approaches  about  1011  A/(m-rad)2  for  H~  beams. 
This  article  highlights  on  the  study  of  H~  beams 
0-7803-1203- 1/93S03.00  ©  1993  IEEE 


Figure  1:  Contour  emittance  plot. 


from  the  SSC  volume  source  with  the  aim  of  design¬ 
ing  a  LEBT  system  to  deliver  a  30  mA,  35  kV  beam 
matched  with  the  RFQ  input. 

II.  BEAM  CHARACTERISTICS 

A.  H~  Beam  from  the  Ion  Source 

The  H"  beam  from  the  SSCL  volume  source  is 
measured  at  10.13  cm  downstream  after  the  electrons 
(ratio  of  initial  electron  to  ion  current  ~  40)  are  de¬ 
flected  away  from  the  extracted  beam  current  by  a  10 
cm  long  magnetic  trap.  Figure  1  shows  the  contour 
plots  in  the  x  —  x'  space  from  emittance  diagnos¬ 
tics;  the  flattening  of  the  distribution  in  the  upper 
half  is  possibly  caused  by  the  space-charge  force  due 
to  the  electrons  deflected  upward.  The  beam  pa¬ 
rameters  at  z  —  10.13  cm  are:  beam  size  D  =  2.38 
cm,  full  divergence  AO  =  260  mrad,  7ren  =  0.15377T 
mm-mrad.  These  data  are  used  in  an  envelope  sim¬ 
ulation  code  to  estimate  the  beam  characteristics  at 
the  extraction  electrode;  space-charge  effects  due  to 
the  electrons  in  the  extraction  region  are  included. 
Figure  2(a)  shows  the  assumed  space-charge  correc¬ 
tion  factor,  /,  due  to  the  electrons.  Note  that  /  is 
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Figure  2:  (a)  Space-charge  correction  factor  f;  (b) 
beam  envelope,  z  =  10.13  cm  corresponds  to  the 
location  of  emittance  measurements. 


negative  here  and  the  beam  perveance  is  to  be  mul¬ 
tiplied  by  the  factor  (1  -  /).  The  beam  envelope  in 
Fig.  2(b)  is  evaluated  by  integrating  the  K-V  en¬ 
velope  equations  using  a  fourth-order  Runge-Kutta 
method.  This  analysis  suggests  that  the  beam  at  the 
extraction  electrode  emerges  nearly  parallel,  and  the 
beam  size  is  close  to  the  aperture  radius  (=  4  mm). 

B.  Desired  Output  Beam  Parameters  from  the  ESQ 
LEBT 

The  purpose  of  the  LEBT  section  is  to  isolate 
the  RFQ  from  the  ion  source  for  a  clean  operation 
and  also  to  deliver  a  matched  beam  to  the  RFQ.  The 
SSC  RFQ  acceptance  for  a  30  mA,  35  kV  H"  beam 
is  given  by  the  Twiss  parameters:  a  =  1.26,  /?  = 
1.86  cm/rad,  7rtn  =  0.2  it  mm-mrad.  As  the  normal¬ 
ized  rms  emittance  of  the  H-  beam  from  the  source 
is  about  0.1537  7r  mm-mrad  (Fig.  1),  the  LEBT  is 
to  be  designed  under  a  very  tight  emittance  bud¬ 
get.  The  matching  condition  dictates  that  the  beam 
parameters  at  the  tip  of  the  RFQ  vane  should  be: 
beam  radius  =  1.3  mm  and  the  corresponding  slope 
of  the  beam  envelope  =  -89  mrad;  this  is  located  at 
about  3  cm  downstream  from  the  front  wall  of  the 


RFQ.  It  has  been  shown  earlier  that  a  short  (about  5 
cm  long)  single  einzel  lens  module  between  an  ESQ 
LEBT  and  the  RFQ  will  be  a  good  choice  in  satis¬ 
fying  the  aforementioned  stringent  conditions  of  the 
RFQ  [2].  The  ESQ  LEBT  transforms  the  highly  di¬ 
verging  beam  from  the  ion  source  into  a  moderately 
converging  one  without  any  significant  emittance  di¬ 
lution,  and  the  einzel  lens  provides  the  final  strong 
focusing.  This  analysis  showed  that  the  parameters 
of  the  output  beam  from  the  ESQ  LEBT  should  fol¬ 
low:  beam  radius  ~  3  to  5  mm,  the  corresponding 
slope  of  the  beam  envelope  30  to  —50  mrad. 

III.  BEAM  TRANSPORT  THROUGH  THE  ESQ 
LEBT 

The  design  principles  of  the  ESQ  LEBT  follow 
the  scheme  as  discussed  earlier  [1,2].  The  present 
configuration  of  the  magnetic  trap  in  the  extraction 
region  of  the  SSCL  volume  source  restricts  the  ESQ 
LEBT’s  distance  to  the  extraction  aperture  to  about 
10  cm.  This  causes  the  beam  to  blow  up  significantly 
(Fig.l).  After  a  detailed  analysis  with  such  a  beam 
it  is  recognized  that  the  goal  to  deliver  a  matched 
beam  to  the  RFQ  for  the  full  beam  current  (30  mA) 
is  a  very  difficult  task.  Our  analysis  suggests  that 
a  shorter  magnetic  trap  (about  5  cm  long)  will  be 
a  better  choice.  Figure  3  shows  the  beam  envelope 
through  the  ESQ  LEBT  when  a  hard-edge  focusing 
function  for  the  external  field  is  assumed.  An  initial 
drift  space  of  5  cm  long  is  considered,  and  a  pro¬ 
file  of  the  space-charge  correction  factor  due  to  the 
electrons  (Fig.  3,  bottom)  is  assumed.  The  beam  pa¬ 
rameters  at  the  extraction  aperture  are  taken  from 
the  analysis  of  Fig.  2.  The  maximum  aperture  ra¬ 
dius  of  the  quadrupoles  is  22  mm;  it  was  taken  as 
12  mm  when  the  LEBT  was  closer  (1.5  cm)  to  the 
extractor  [1]. 

The  distribution  of  the  beam  particles  through 
the  ESQ  LEBT  is  estimated  using  a  modified  PAR- 
MILA  code  [6].  Figure  4  shows  the  particle  dis¬ 
tribution  in  phase  space  for  /  =  30  mA.  The  esti¬ 
mated  output  beam  parameters  are:  X  =  3.5  mm, 
Y  =  3.5  mm,  X'  =  —51.7  mrad,  Y'  =  —50.8  mrad, 
=  1.5.  The  emittance  growth  is  primarily  due 
to  chromatic  aberrations. 

IV.  CONCLUSIONS 

Emittance  measurements  of  a  30  mA,  35  kV  H- 
beam  from  the  SSCL  volume  source  have  been  stud¬ 
ied.  The  simulation  results  suggest  that  the  H- 
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Figure  3:  K-V  envelope  solution. 


beam  envelope  has  a  waist  at  the  extraction  aper¬ 
ture.  With  this  definition  of  the  input  beam  and 
a  given  set  of  characteristic  parameters  of  the  RFQ 
acceptance,  we  have  designed  a  LEBT  system.  The 
particular  design  of  the  LEBT  consisting  of  six  ESQ 
lenses  and  a  short  einzel  lens  can  transport  the  full 
beam  current  and  match  it  to  the  RFQ. 

Beam  transport  experiments  with  a  prototype 
ESQ  LEBT  will  be  conducted  to  validate  the  simu¬ 
lation  predictions.  Further,  the  3-D  LAPLACE  sim¬ 
ulation  scheme  is  being  improved  using  a  method  of 
moments  where  any  arbitrary  boundary  can  be  rep¬ 
resented  numerically  and  the  practical  problems  will 
be  simulated  more  realistically  [7]. 

This  work  was  supported  by  ONR/SDIO  and 
DOE. 
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Abstract 

A  third-generation  continuous  helical  electrostatic 
quadrupole  (HESQ)  lens  has  been  built  and  tested.  The  new 
HESQ  is  21.5  cm  long  and  has  a  3.6  cm  diameter  aperture. 
The  HESQ  has  been  tested  under  two  separate  conditions: 
with  a  pulsed  25  keV,  0.5  mA  proton  beam;  and  a  25  keV,  10 
mA  proton  beam.  The  input  emittance  was  fixed  using  a 
multi-aperture  collimator.  A  comparison  is  made  between 
experiment  and  numerical  simulations  for  a  wide  variety  of 
operating  conditions.  A  second  possible  operating  mode  is  the 
quasi-octupole  model  1]  which  offers  significantly  reduced 
aberration  when  compared  to  the  quadrupole  mode.  The 
results  of  preliminary  tests  in  this  operating  mode  will  be 
presented. 

I.  Introduction 

The  helical  electrostatic  quadrupole  lens  was  originally 
proposed  by  Raparia[2]  in  1990  as  a  way  to  transport  a  low- 
energy  HT  beam  from  an  ion  source  to  a  radio-frequency 
quadrupole  accelerator.  Several  ”proof-of-principle"  tests[3J 
had  been  performed  using  a  discrete  helical  structure  which 
showed  that  the  basic  principles  of  Raparia’s  design  were 
valid.  These  tests  had  shown  that  the  lens  would  provide 
relatively  strong  focusing.  Numerical  tracking  studies  of  this 
early  HESQ  have  shown  that  various  types  of  beam  shape 
deformations  in  phase  space  are  observed,  with  chromatic 
aberration  being  the  dominant  cause  of  distortion. 

A  continuous-type  HESQ  was  used  by  Mori  ct  al.[4] 
in  1991  to  focus  a  1  mA  beam  of  Cu~  ions  with  much  less 
emittance  growth  than  was  observed  when  an  einzel  lens  was 
used  in  a  similar  test.  Mori’s  test  with  copper  ions  was 
significant  in  demonstrating  the  potential  of  the  HESQ  to 

*  This  work  supported  by  the  Texas  National  Research 
Laboratory  Commission  under  grant  RFGY9203. 
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transport  intense  negative  ion  beams.  Encouraged  by  KEK’s 
success,  we  had  designed  a  new  continuous-type  HESQ  in 
January  1992.  A  summary  of  the  design  was  presented  in 
Reference  1.  The  present  paper  presents  a  summary  of  a 
series  of  in-beam  tests  during  the  fall  and  winter  of  1992/93. 


II.  Quadrupole  Ope.adng  Mode 

A  continuous  HESQ  was  designed  using  both  the 
experience  gained  from  both  experimental  studies  of  the 
discrete  HESQ,  and  from  numerical  simulations  of  it  Table 
1  presents  a  summary  of  the  basic  design  parameters. 

For  the  testing  program,  a  duoplasmatron  proton 
source[5]  was  used  to  produce  the  ion  beam.  The 
duoplasmatron  source  had  a  single  gap  extraction  system 
capable  of  being  biased  up  to  25  kV.  The  extiactro  was 
followed  immediately  by  an  einzel  lens  operated  in  decel 
mode.  A  2.5  cm  diameter  collimator  mounting  flange  was 
located  20  cm  from  the  einzel  lens.  Inside  the  collimator 
mounting  flange,  we  were  capable  of  installing  a  multi-aperture 
set  of  slits  to  generate  a  controlled  emittance  which  was 
somewhat  independent  of  the  source’s  operating  condition.  Fbr 
large  diameter  beams,  this  set  of  slits  was  removed  from  the 
mounting  flange.  Immediately  after  the  collimator  was  a  zero- 
length  faraday  cup[6]  constructed  on  a  PC-board.  The  HESQ 
was  mounted  with  the  alignment  of  each  of  the  four  segments 
being  independent 

Table  1.  Parameters  for  third  generation  HESQ. 

Number  of  segments  4 

Length  of  segment  5  cm 

Helical  pitch  v/cm 

Gap  between  segments  n 

Rod  radius  i.  n 

Aperture  36  mm 

Total  length  21.5  cm 
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B.  Low-Current  Tests 


Figure  1  Comparison  of  numerical  simulation  (lop)  and 
experimental  data  (bottom)  for  a  large  diameter  beam 
incident  on  the  HESQ. 


A.  Large  Diameter  Beams 

A  large  diameter  beam  of  protons  was  injected  into 
the  HESQ.  The  emittance  of  the  beam  was  measured  without 
any  voltage  being  applied  »o  the  HESQ.  The  electrode 
voltages  were  then  set  to  2.5,  5.0,  7.5,  and  5.0  kV  on  first 
through  fourth  segments,  respectively.  The  beam  emittance 
was  then  measured  one  more  time.  (The  other  plane  was  not 
measured  at  this  time  due  to  a  problem  with  the  current  pick¬ 
up  in  the  emittance  scanner:  this  measurement  will  be 
performed  in  the  future.) 

The  results  of  an  emittance  measurement  in  one  plane 
for  a  30  mm  diameter,  10  mA  proton  beam  is  shown  in  Figure 
la.  A  numerical  simulation,  which  includes  space  charge,  of 
the  beam  transport  through  the  HESQ  using  the  known  initial 
source  emittance  is  shown  in  Figure  lb.  The  qualitative 
agreement  betweent  the  experiment  and  simulation  show  that 
we  are  properly  including  space  charge  in  our  calculation. 


A  four-aperture  collimator  was  constructed  to  simulate 
the  emittance  of  the  beam  extracted  from  a  magnetron  ion 
source.  The  beam  from  the  duoplasmatron  was  focussed  onto 
the  collimator.  Due  to  the  low  acceptance  of  the  aperture 
system,  the  beam  was  reduced  from  approximately  10  mA  to 
0.5  mA.  This  reduction  in  the  intensity  permitted  us  to 
examine  the  HESQ’s  transport  properties  when  space  charge 
was  not  a  dominating  factor. 

A  set  of  over  1000  low-current  measurements  were 
undertaken  to  map  as  much  of  the  operating  space  as  possible. 
The  procedure  followed  in  these  measurements  was  similar  to 
that  used  in  Section  A:  the  beam  emittance  was  determined; 
voltage  was  applied  to  the  HESQ  electrodes;  the  final  beam 
emittance  was  measured  again.  The  results  of  a  typical 
emittance  measurement  for  both  the  X-  and  Y -planes  are 
shown  in  Figure  2.  The  measured  and  calculated  unnormalized 
beam  emittances  for  this  case  are  summarized  in  Table  2. 

During  the  course  of  our  measurements,  we  had  noted 
that  there  was  considerable  steering  as  voltage  was  applied  to 
the  electrodes.  After  the  measurements,  we  dis-assembled  the 
HESQ  and  checked  the  alignment  of  the  electrodes.  We 
discovered  that  some  of  the  electrodes  were  severely  mis¬ 
aligned.  This  problem  has  been  corrected,  and  a  new  set  of 
measurements  are  underway. 

Table  2.  Measured  unnormalized  emittances  in  units  of  it 
mm-mrad. 


X 

Y 

Source 

13.6 

17.8 

After  HESQ 

16.1 

20.0 

alculated 

24.7 

40.3 

III.  Quasi-Octupole  Operating  Mode 

The  quasi-octupole  operating  mode  for  the  helical 
electrostatic  quadrupole  structure  was  proposed  in  1992  by  Xiu 
et  al.[l]  The  advantage  of  the  quasi-octupole  mode  was  that 
the  lens  would  be  able  to  transport  higher  currents  with  low 
electrode  voltages.  The  HESQ  was  operated  in  quasi-octupole 
mode  by  connecting  the  four  electrodes  to  a  single  power 
supply.  The  polarities  of  the  power  supplies  for  each  segment 
were  positive,  and  the  potentials  on  the  four  segments  were  4.0 
kV,  10.0  kV,  7.5  kV,  and  20.0  kV,  respectively.  A  25  kV 
proton  beam  was  injected  into  the  lens,  and  the  output 
emittance  was  measured  with  the  Allison-type  electrostatic 
emittance  scanner.  We  observed  that  we  needed  to  apply  20 
kV  to  the  final  electrode  in  order  for  the  lens  to  focus  the 
beam.  This  seems  to  imply  the  quasi-octupole  mode  for  the 
operated  as  a  thick  einzel  lens. 


3149 


HESO  0.0  6.0  1.0  7.0  (Kv) 


HESO  0.0  6.0  1.0  7.0  (Kv) 


Figure  2  Measured  and  calculated  emittances  of  a  low-current  proton  beam  transported  through  the  HESQ.  RIGHT: 
measured,  LEFT:  calculated 


IV.  Summary 

Based  on  our  experience  with  the  first  HESQ,  we 
designed  a  new,  continuous  HESQ.  The  operating  parameter 
space  of  the  HESQ  has  been  explored.  There  was  some 
emittance  growth  of  the  beam  as  it  passed  through  the  lens; 
however,  due  to  misalignments  of  the  electrodes  it  is  not  clear 
how  much  the  misalignments  contributed  to  this  growth.  The 
quasi-octupole  mode  of  operation  did  not  provide  the  improved 
performance  anticipated  from  numerical  simulations. 
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Abstract 


The  SSC  LEBT  (Low  Energy  Beam  Transport)  device 
focuses  and  steers  a  divergent  30  mA  H*  beam  extracted  at 
35  KV  from  the  volume  ion  source  into  a  strongly  converging 
beam  to  match  the  acceptance  of  the  2.5  MeV  RFQ.  Of  the 
LEBT  candidates,  an  einzel  lens  and  HESQ  (Helical  Electro- 
Static  Quadrupole)  are  presently  under  study  at  the  SSC.  The 
experimental  emittance  results  for  the  einzel  lens  at  the  RFQ 
acceptance  plane  are  compared  to  AXCEL  simulations.  A 
comparison  is  made  between  the  PARTEQ  simulated  percent 
of  beam  transmitted  through  the  RFQ  with  the  experimentally 
measured  beam  and  with  the  simulated  AXCEL  beam. 

I.  INTRODUCTION 

The  SSC  LEBT  focuses  the  divergent  30  mA  H*  beam  from 
the  volume  H'  ion  source[l]  into  the  2.5  MeV  RFQ  as  part  of 
the  SSC  Injector  for  the  Linac.  Electrostatic  focusing  LEBTs 
were  chosen  because  of  the  SSC  requirement  of  a  short  pulse 
length  (9.6-48  p  sec)  beam.  For  such  a  short  pulse  length  it 
was  decided  to  avoid  a  LEBT  using  magnetic  solenoids  and 
neutralization  gas  focusing.  The  electrostatic  lenses  were  well 
understood  and  were  suitable  for  arbitrarily  short  pulses.  A 
photograph  of  the  ion  source-einzel  lens-RFQ  entrance 
assembly  is  shown  in  Fig.  1.  The  RFQ  acceptance 
requirements  are  quite  demanding,  requiring  a  strongly 


Fig.l  Ion  Source-LEBT-RFQ  entrance  Assembly. 


converging  (140  mrad)~4  mm  diameter  beam.  The  acceptance 
Twiss  parameters  are:  axy  =  1.26,  pxy  =  0.0186  mm/mrad, 
and  Crmsjior  <  0.20  7t  mm-mrad.  See  Fig.  5. 

The  beam  optics  geometry,  potential  lines,  and  beam  ray 
traces  are  shown  in  Fig.  2.  Reference  Fig.  2  for  the  following 
dimensional  location  descriptions.  A  magnetic  dipole  electron 
separator  occupies  the  axial  space  0.0  to  3.2  cm.  The  axial 
space  between  3.2  and  16.9  cm  is  expandable  and  depicts  the 


COMMENT:  L£NS#1-30.94SV  LmM2.33.016V  CYCLE.  10.  PLOT.  3.  DATE:  3-MAR-93 

Fig.  2  Einzel  lens  geometry,  potential  lines, beam  trajectory. 
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LEBT.  The  center  electrode  of  the  einsel  lens  is  a  split 
quadrant  used  both  as  a  quasi  ground  plane  for  the  lenses  and 
to  steer  the  beam  vertically  and  horizontally.  The  acceptance 
plane  for  the  RFQ  is  at  20  cm  (as  shown  by  the  indentation  in 
Fig.  2).  The  axial  space  between  17  and  20  cm  is  reserved  for 
diagnostic  insertion.  This  drift  space  does  limit  the  beam 
convergence  of  this  LEBT  design. 

n.  CALCULATIONAL  METHOD 

An  experimental  phase-space  plot  of  the  extracted  beam  is 
shown  in  Fig.  3.  The  H°  beam  has  been  subtracted.  The 
Twiss  parameters  are:  ax=  -21.38,  {ix=  0.1217  cm/mrad,  and 
£rms,unnor=  1-59  cm-mrad  at  the  91.8%  contour  line,  assuming 
a  gaussian  beam.  The  Y-plane  phase-space  plot  is  very  similar 
except  angled  upward  at  22  mrad  because  of  the  electron 
separator  magnet.  Because  AXCEL[2]  assumes  cylindrical 
symmetry,  the  X-plane  plot  was  used  for  this  simulation  input. 
The  experimental  ion  source  phase-space  plot  was  generated 
within  AXCEL.  With  the  experimental  voltages  applied  to  the 
lenses  (nominally  31KV  upstream  and  33KV  downstream), 
the  phase-space  plot  of  Fig.  4  was  simulated  at  the  RFQ 
acceptance  plane.  Ten  iterations  with  1,000  rays  was  used. 
The  experimental  phase-space  plot  from  a  slit  and  collector  is 
shown  in  Fig  S.  In  both  Figs.  4  and  5  the  nominal  RFQ 
acceptance  ellipse  is  shown.  The  particles  within  the 
described  RFQ  acceptance  ellipse  are  transmited  through  the 
RFQ.  The  other  particles  are  not  transmited.  due  mainly  to 
transverse  mismatching  [3]. 


Fig.  3  Experimenjal  beam  extracted  from  the  ion  source 
m.  CONCLUSIONS 

For  comparison,  the  resultant  Twiss  parameters  for  all  the 
particles  are  shown  in  Table  1.  Included  is  the  important 
comparison  of  the  sub-set  of  particles  transmited  through  the 
RFQ,  simulated  by  the  multiparticle  code  PARTEQ  [4]. 


AXCEL 

LENSM-3094IV  LENS#2-33X)16V 

Fig.  4  AXCEL  phase-space  plot 

ft57 

SSC  RFQ.  Apr.  6  exp.  data 


X 

Fig.  S  Experimental  phase-space  plot 


Table  1. 


a 

P 

cm/mrad 

Erms.unnor 

cm-mrad 

RFQ  % 

trans.  simul 

Exper. 

91.8%cont 

-2.018 

0.0040 

9.240 

38.8 

AXCEL 
90%  corn 

-2.029 

0.0054 

10.722 

62. 
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Considering  that  neither  the  spacial  and  angular  translations 
of  the  experimental  beam  nor  the  steering  voltages  were 
included  in  the  AXCEL  simulation,  the  comparison  in  Table  1 
indicates  reasonable  agreement  of  the  Twiss  parameters  for  all 
the  particles  (a  macro  comparison).  However  in  the  region  of 
special  interest,  that  portion  of  the  emittance  plot  whithin  the 
RFQ  acceptance  ellipse,  the  PARMTEQ  simulated  percent 
transmission  through  the  RFQ  using  AXCEL  simulated  and 
experimental  beam  as  input  is  only  whithin  -60%  agreement. 

The  AXCEL  input  file  asks  for  the  Twiss  parameters  (a,  3 
and  e)  of  an  input  beam  then  a  particle-by-particle  input  file  is 
created  from  these  parameters.  When  one  knows  the  particle- 
by-particle  parameters,  such  as  in  our  slit-collector  emittance 
data,  one  might  enter  these  data  directly  into  the  input  file. 
This  method  may  improve  the  accuracy  of  AXCEL  when  a 
particle-by-particle  emittance  is  known,  incorporating  spacial 
and  angular  translation. 
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Axial  Magnetic  Field  Lens  with  Permanent  Magnet 
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Abstract 

A  compact  Permanent  Magnet  Symmetric  (PMS)  lens 
which  produces  the  axial  magnetic  field  is  studied.  The 
proposed  lens  has  no  iron  pole  piece  except  for  the  return 
poles  on  both  ends.  It  can  produce  the  magnetic  field  on  the 
axis  more  than  the  remanent  field  of  the  magnet  material  by 
the  perpendicular  field  superimposition. 

I.  INTRODUCTION 

A  7-MeV  proton  linac  was  constructed  at  Institute  for 
Chemical  Research,  Kyoto  University.  [1,2]  The  linac  is 
consisting  of  a  2-MeV  RFQ  linac  and  a  7-MeV  Alvarez 
(DTL).  The  operating  frequency  is  433.3  MHz  and  the 
structure  dimension  is  compact.  Because  of  the  poor  vacuum 
property  of  the  RFQ  cavity,  two  evacuation  ports  are  located 
at  both  the  entrance  and  exit  side  of  the  cavity. 

In  order  to  match  the  RFQ  acceptance,  the  input  beam  has 
to  be  focused  strongly  to  the  RFQ.  Unfortunately,  the  entrance 
side  of  the  RFQ  is  occupied  by  the  vacuum  port  and  the  final 
focus  element  has  to  be  installed  into  the  hole  in  the  end  plate 
of  the  RFQ.  The  hole  has  diameter  of  40  mm  and  the  depth  of 
60  mm.  A  compact  focusing  device  which  can  fit  in  this  size 
had  to  be  devised. 

For  future  study  of  the  simultaneous  acceleration  of  both 
positive  and  negative  ions,  einzel  lenses  are  not  preferable. 
The  RFQ  requires  the  round  beam  in  X-Y  plane  at  the 
entrance,  and  the  quadrupole  lenses  are  not  adequate  in  this 
respect.  A  magnetic  lens  which  produces  the  magnetic  field  of 
axial  symmetry  was  picked  up  as  a  candidate  for  the  purpose. 
The  field  can  be  produced  by  a  "solenoid".  Applications  of 
anisotropic  magnet  have  been  studied  for  charged  particle 
beam  manipulations  [3,4,5].  With  a  careful  study  of  the 
radially  oriented  anisotropic  magnets,  it  was  found  that  a 
compact  strong  Permanent  Magnet  Symmetric  (PMS)  lens  can 
be  fabricated  in  the  limited  size  by  application  of  the 
perpendicular  field  superimposition. 

II.  PERPENDICULAR  FIELD 
SUPERIMPOSITION 

Let  us  consider  the  anisotropic  magnet  configuration  in  the 
two  dimensional  space  as  shown  in  Figure  1.  The  magnetic 
field  has  the  direction  of  Z,  and  the  maximum  at  the  center. 
The  analytical  expression  for  the  maximum  field  is  calculated 
as  follows; 


fim.x  =~j,0g| 
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It  can  be  shown  that  the  value  is 
not  finite  when  lib  — >  «  keeping 
Ur  finite.  Because  the  produced 
field  is  perpendicular  to  the  easy 
axis  of  the  magnet,  the  operating 
point  in  the  B-H  curve  will  stay 
in  the  upper  half.  If  the  magnet 
material  has  no  knee  in  the 
second  quadrant  of  the  B-H 
curve,  which  is  easy  requirement 
for  almost  rare  earth  magnet 
materials,  no  demagnetization  is 
expected.  Although  it  is  only  a 
logarithmic  increase,  it  seems  to 
have  no  limitation. 

The  field  concentration  by  perpendicular  filed 
superimposition  is  verified  by  a  rough  experiment.  Eight 
pieces  of  10  mm  x  10  mm  x  30  mm  magnets  made  of 
NEOMAX  35H,  which  has  Br  of  1.1  [T],  are  placed  as  shown 
in  Figure  1.  One  block  is  consisted  of  four  pieces  which 
attract  each  other.  Two  of  the  blocks  are  fixed  on  jaws  of  a 
vice  which  is  made  of  iron,  and  put  close  by  pressing  with  the 
vice  to  the  gap  of  2  mm.  The  maximum  field  is  measured  by 
an  axial  Hall  probe  as  1.6  [T]  which  is  more  than  Br. 

Neglecting  the  second  term  of  the  equation  (I)  and 
substituting  the  values  for  /  and  b,  we  get  Bmax=1.6  [T]. 
Because  the  jaws  of  vice  is  made  of  iron,  it  acts  like  return 
yoke.  The  magnetic  field  produced  by  the  magnets  with  the 
iron  return  yoke  is  also  calculated  by  PANDIRA  [6].  It  also 
shows  the  value  1.6[T]  as  a  maximum. 
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Figure  1 .  Geometry  for 
field  concentration  test. 


III.  PROPERTY  OF  MAGNETIC  FIELD  LENS 


The  focal  strength  I  If  for  charged  particles  with  the  energy 
of  eV  in  a  magnetic  field  lens  of  axial  symmetry  is  given  by 
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Sm0V 


B2dz 


[m],  V  =  V  1  + 


\eV\ 

2  m0c2 


(2) 


where  e  and  mo  are  the  charge  and  the  mass  of  the  particles  at 
rest  respectively.[7]  It  should  be  noted  that  the  focal  strength 
is  proportional  to  B2  and  20%  increase  in  the  focal  strength 
will  be  obtained  by  10%  increase  of  the  remanent  field  which 
will  be  achieved  by  material  developments.  The  drawback  is 
that  the  temperature  coefficient  of  the  focal  strength  is  twice 
as  large  as  that  of  the  remanent  field.  On  the  other  hand,  this 
property  can  also  be  used  as  a  focal  strength  adjustment  by 
means  of  the  temperature  control.  The  typical  temperature 
coefficient  of  the  Nd-B-Fe  magnet  is  0.1%  /  *C. 
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IV.  MAGNETIC  FIELD  PRODUCED  BY  A 
RADIALLY  MAGNETIZED  MAGNET 

Let  us  consider  a  radially  oriented  permanent  magnet  ring 
as  shown  in  Figure  2. 


Figure  2.  Radially  oriented  permanent  magnet  ring 


both  the  calculated  value  by  PAND1RA  and  the  measured 
value.  The  measured  peak  value  is  about  10  %  smaller  than 
the  calculated  one.  There  are  three  reasons  that  can  decrease 
the  Field.  1)  The  azimuthal  segmentation  reduces  the  field.  2) 
Because  of  the  repulsive  force  and  the  tolerances,  the  bore 
radius  is  larger  than  the  designed  value.  3)  Because  of  the 
surface  finish  for  Ni  plating  on  the  magnet,  the  comers  of  the 
magnet  are  rounded.  It  makes  the  effective  bore  radius  larger. 
According  to  the  PANDIRA  calculation,  2  %  increase  of  the 
bore  radius  will  result  the  1  %  magnetic  field  decrease.  The 
first  one  is  thought  to  be  the  main  factor  in  our  model  magnet 
case. 


Integrating  over  the  magnetic  dipole,  the  magnetic  field  on 
the  axis  of  the  magnet  is  given  as 


B(z)  = 


Br 

2 


1— U-UbgO^H'+Ml 
ro  8  (i+*o)(i  +  n)] 


■f 

(2 

^  ^ 

it 

i .. 

o2- 

iM 

2  +  1 

k  r 

I'H 

H 

'z+iY 
<  b  ) 

(3) 


number  of  ring 

_ 2 _ 1 

outer  radius  of  a  ring  magnet 

17 

mm 

length  of  a  ring  magnet 

25 

mm 

number  of  segments  in  a  ring 

J6 _ i 

bore  radius 

5 

mm 

comer  radius  of  a  segment 

8 

mm 

outer  radius  of  iron  case 

20 

mm 

length  of  iron  case 

60 

mm 

comer  radius  and  thickness  of  lids 

3 

mm 

bore  radius  of  entrance  lid 

7.5 

mm 

remanent  field 

1.29 

T _ 

Table  1.  Model  PMS  dimensions 


The  ..iagnetic  field  has  a  maximum  at  z=0,  where  the  end  of 
the  magnet  is  located.  The  value  is 


B(0)  = 


Br\  r  b  1  +  Jl  +  l2/b 

2(7777  77 77+  °S  l  +  yl\  + 12/ r2  f 


(4) 


Again,  it  can  be  shown  that  the  logarithm  term  is  not  finite  if 
keeping  Hr  finite,  and  lib  —>  <*>.  In  the  real  applications,  two 
kinds  of  rings  with  different  magnetization  will  be  placed 
alternatively.  In  the  case,  the  magnetic  field  should  be 
superimposed  and  the  maximum  field  is  doubled.  The 
principle  of  the  perpendicular  field  superimposition  should 
work  here  again.  For  example,  a  lens  of  two  rings  (  b=  5  mm, 
r=2  cm,  and  1-2x2  cm )  has  the  maximum  field  of  1 .22  Br. 
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Figure  3.  PANDIRA  result 


V.  PMS  LENS 

To  fabricate  the  real  magnet,  one  has  to  consider  several 
constraints.  The  ring  should  be  segmented  to  realize  the 
radially  oriented  anisotropic  property.  The  return  iron  yoke 
has  to  be  located  around  the  magnet  to  reduce  the  leakage 
field  on  the  axis  particularly  to  the  RFQ  side.  The  case  of  the 
magnet  can  be  made  of  iron,  and  acts  as  the  return  yoke.  The 
corners  of  the  magnets  are  rounded  so  that  the  lens  has  less 
aberration.  The  bore  hole  of  the  iron  case  at  entrance  side  is 
made  large  to  accept  a  beam  with  large  diameter.  The  magnet 
material  is  NEOMAX  40  which  has  the  remanent  field  Br  of 
1.29  T  nominal.  The  final  dimensions  are  shown  in  Table  1. 
Photo  1  shows  the  assembled  PMS  lens. 

The  field  calculated  by  PANDIRA  is  shown  in  Figure  3. 
Figure  4  show  the  magnetic  field  distribution  plots  on  the  axis 


Z[cm] 

Figure  4.  Magnetic  field  distribution 
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drBr  [T/cm) 


VI.  BEAM  OPTICS 

The  beam  dynamics  simulations  based  on  the  calculated 
magnetic  Held  distribution  by  PANDIRA  are  performed.  The 
equations  of  motion  in  the  cylindrical  coordinate  are 

«oV,  =-qv0B,  +  m<)ve2/r, 

< 

mo  (v,  Br-vrBl)-m0vr  v9/r 

The  equations  are  integrated  numerically.  For  less  abeiTation, 
the  r  dependence  of  Bz  and  drBr  should  be  small.  One  typical 
result  is  shown  in  Figure  5.  B2  and  drBr  at  10  different  radii 
are  shown  on  the  Z  axis.  The  parallel  beams  on  the  x  axis  with 
0.4  mm  equally  spaced  radii  start  at  z=-6  cm  ( left  edge ),  and 
go  through  the  PMS  whose  center  is  located  at  z=0.  The  x-x’ 
phase  space  plots  are  also  shown  at  the  initial  point  and  the 


Photo.  The  assembled  PMS  lens 


focal  point  calculated  by  equation  (2).  Because  the  integral 
over  Bz  on  axis  of  PMS  lens  is  zero,  the  image  does  not  rotate. 
In  this  calculation,  the  space  charge  is  not  included  yet. 
Further  study  will  include  the  space  charge  effect. 
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Abstract 

An  experiment  is  planned  to  merge  200  mA  of  multi- 
beamlet  H'  at  100  keV  into  a  single  channel  electrostatic 
quadrupole  accelerator  (ESQ),  which  will  boost  the  beam  to 
200  kV.  The  experiment  is  a  collaboration  based  on  a  Japan 
Atomic  Energy  Research  Institute  (JAERI)  volume  H"  plasma 
source  and  focused  multi-aperture  extractor,  mated  to  the  LBL 
200  kV  prototype  ESQ.  A  2D  particle  code  (WOLF)  has  been 
used  to  design  a  merging  beamlet  pre-accelerator.  The  key 
merging  elements  are  a  focus  ring  to  enhance  the  focusing  of 
the  extractor  and  a  gradient  grid  to  produce  a  merged  beam 
profile  which  matches  ESQ  acceptance  and  minimizes 
emittance  growth. 

I.  INTRODUCTION 

This  paper  presents  a  design  for  an  experiment  to 
demonstrate  merging  of  the  beamlets  from  a  multi-aperture 
extractor  into  a  prototype  ESQ.  The  experiment  will  use  a 
JAERI  volume  generation  H'  plasma  source  and  focused 
extractor  [1],  mated  to  the  LBL  200  kV,  200  mA  ESQ 
prototype  [2],  If  successful,  this  combination  can  be  scaled  to 
amperes  of  megavolt  negative  ion  based  neutral  beams,  for 
heating  and  current  drive  in  future  tokamak  such  as  the 
International  Thermonuclear  Experimental  Reactor  (ITER). 

Two  types  of  negative  ion  accelerators  are  under 
development.  Conventional  electrostatic  (ES)  Pierce  type  dc 
accelerators  have  the  advantage  of  being  proven  with  low 
currents  up  to  several  megavolts.  Also,  they  directly  match 
the  capabilities  of  available  H'  /D'  cesiated  volume  plasma 
sources.  The  reactor  relevant  challenges  for  ES  accelerators  are 
voltage  holding  and  insulator  lifetime.  Electrons  stripped 
from  the  negative  ion  beam  by  gas,  plus  secondaries,  can 
generate  a  high  x-ray  flux.  The  LBL  group  is  developing  the 
ESQ  accelerator  because  it  is  mechanically  compatible  with 
long,  low  (electrical)  stress  high  voltage  insulators  (<  4 
kV/cm).  Also,  the  quadrupole  fields  are  expected  to  filter  out 
energy  mismatched  particles,  reducing  x-ray  loads. 

The  practical  challenges  for  a  multi-beamlet  merging 
experiment  are:  (1)  Match  the  ESQ  acceptance  requirements; 
(2)  Demonstrate  H"  current  density  that  scales  to  ITER 
requirements;  (3)  Achieve  acceptable  emittance  growth  within 
the  ESQ. 


II.  LBL  200  KV  ESQ 

Matching  requirements  for  the  LBL  200  kV,  200  mA 
(proton  equivalent)  ESQ  are:  100  keV  input  energy;  Input 
radius  <  1  cm;  and  Convergence  -10  mrad  to  -30  mrad  for  a 
circular  beam.  Previous  experiments  used  single  channel 
positive  and  negative  ion  beams.  The  nominal  200  mA 
current  was  demonstrated  with  a  space  charge  equivalent  100 
mA  He+  beam  [2]. 

This  ESQ  has  three  quadrupoles  in  the  matching  section, 
and  two  quadrupoles  forming  a  100  kV  acceleration  section,  as 
illustrated  in  Fig.l.  The  design  is  modular,  and  could  be 
expanded  in  100  kV  sections  to  over  1  MV.  The  ESQ  has  a 
3.5  cm  diameter  aperture.  If  the  input  conditions  are  met,  the 
beam  envelope  can  be  kept  within  80%  of  the  aperture 
diameter,  and  emittance  growth  due  ESQ  electric  field  non- 
linearities  should  be  minimal  [3].  The  short  length  of  the  200 
kV  configuration  makes  it  very  tolerant  of  input  emittance. 


PROTOTYPE  ESQ-FOCUSED  CCVV  ACCELERATOR 

Figure  1.  Draw  of  the  LBL  200  kV,  200  mA  ESQ.  The 
first  three  module  are  used  for  matching,  and  the  second  two 
modules  for  acceleration  from  100  keV  to  20  keV. 


III.  JAERI  FOCUSED  EXTRACTOR 

The  JAERI  plasma  source  will  be  similar  to  the  type 
tested  at  JAERI  and  Cadarache,  and  planned  for  JT-60U  [3]. 
The  usual  cesium  seeding  is  planned  to  increase  output  and 
reduce  gas  pressure.  The  JAERI  focused  extractor  (1]  uses 
curved  plasma  and  extraction  grids,  with  nineteen  apertures  and 
embedded  magnets  for  electron  suppression.  Three  sets  of 
grids  were  built  with  nominal  geometric  focal  lengths  of  10 
cm,  15  cm  and  20  cm  (i.e.,  plasma  grid  radius  of  curvature). 
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The  IS  cm  and  10  cm  grids  '.vere  tested  at  JAER1  in  1992  [1]. 
Except  for  curvature,  these  are  similar  to  the  flat  grids  used  in 
the  large  JAERI  injectors  [4],  including  embedded  magnets  to 
bury  electrons  in  the  extraction  grid.  The  beam  lets  are  defined 
by  0.45  cm  radius  holes  in  the  plasma  and  extraction  grids.  A 
side  view  of  the  nominal  15cm  grid  set  is  shown  in  Fig.2a, 
and  a  flat  projection  is  shown  in  Fig.2b. 


18  mm 


Figure  2.  The  layout  of  the  JAERI  focused  plasma  and 
extraction  grid  design  is  illustrated;  (a)  Side  view,  15  cm  focal 
length;  and  (b)  Projection  of  the  beamlet  layout,  with  one, 
six,  and  twelve  beamlets  rings. 


IV.  2D  SIMULATION  OF  BEAM  MERGING 

The  goal  of  these  studies  is  to  provide  a  conceptual  design 
for  a  b“-amlet  merger  which  would  match  the  JAERI  extractor 
and  the  LBL  ESQ.  The  merged  beam  should  satisfy  the 
acceptance  requirements  of  the  latter  as  mentioned  in  Sec.  II 
above.  To  accomplish  this  we  propose  two  additional  optics 
elements;  (1)  focus  ring;  and  (2)  gradient  grid.  A  focus  ring 
on  the  exit  side  of  the  extraction  grid,  just  outside  the  last  ring 
of  beamlets,  increases  the  curvature  of  the  potential  contours 
for  the  outer  beamlets.  The  gradient  grid  is  used  to  tune  the 
envelope  convergence.  A  relatively  long  gap  to  the  ESQ  is 
required  to  get  a  good  input  match,  which  should  experience 
low  emittance  growth,  even  in  a  long  acceleration  channel. 

As  mentioned  previously,  limiting  emittance  growth  due 
to  ESQ  non-linearities  requires  that  the  envelope  radius  remain 
within  <  80%  of  the  nominal  aperture.  This  will  be  possible 
if  the  ESQ  acceptance  requirements  are  met,  but  also  requires 
that  the  merging  be  accomplished  in  a  way  which  minimizes 
the  electrostatic  energy  of  the  merged  beam.  This  means  we 
should  stack  the  beamlets  against  each  other  with  minimal 
overlap.  In  the  planned  experiment,  given  the  0.45  cm 
beamlet  radius  and  the  <  1  cm  ESQ  acceptance  radius,  beamlet 
overlap  after  merging  is  unavoidable. 

To  adapt  to  the  2D  symmetry  of  WOLF[5,6],  the 
simulated  beam  geometry  was  a  set  of  concentric,  focused 
cylindrical  ringlets,  which  were  set  at  radii  equivalent  to  the 
beamlets  from  the  JAERI  extraction  grid.  The  ringlets  were 


launched  with  the  energy  expected  for  the  beam  at  the 
extraction  grid  during  the  LBL  experiment,  6.5  keV.  They 
were  given  a  Maxwellian  distribution  equivalent  to  a 
temperature  of  1  eV. 

Results  for  two  geometries  are  presented:  (1)  Two 
ringlets,  which  corresponds  to  seven  apertures  with  total 
current  <  100  mA;  and  (2)  Three  ringlets,  which  corresponds 
to  using  the  nineteen  available  apertures  with  total  current  < 
200  mA.  Current  in  the  ringlets  was  distributed  in  the  same 
ratio  as  the  number  of  apertures  of  the  JAERI  layout,  i.e., 
1:6,  for  two  ringlets  (seven  holes),  or,  1:6:12,  for  three 
ringlets  (nineteen  boles).  This  distribution  most  closely 
resembles  the  current  distribution  of  the  beamlet  layout,  but 
perhaps  introduces  some  extraneous  effects  on  emittance.  For 
comparison  with  the  experiment,  it  is  convenient  to  refer  to 
these  configurations  as  "seven  boles"  and  "nineteen  holes". 

The  effect  of  a  gradient  grid  on  convergence  of  the  seven 
hole  trajectories  is  illustrated  in  Fig.3a,  where  a  large  aperture, 
60  kV  gradient  grid  with  a  thickness  of  1  cm  is  added  6.0  cm 
from  the  center  of  the  extraction  grid  and  12.0  cm  from  the 
ESQ  entrance.  The  corresponding  phase  space  is  illustrated  in 
Fig.3b.  Envelope  convergence  is  greatly  reduced  after  the 
beam  pass  through  the  second  gap.  The  0.9  cm  radius  is  a 
good  match  to  the  ESQ.  A  quantitative  measure  of  the 
collective  beam  envelope  was  obtained  from  WOLF  by 
calculating  the  rms  parameters  of  the  projcctional  phase  space 
ellipse.  These  rms  parameters  were  used  to  calculate  the 
convergence  angle  of  a  K-V  beam  with  equivalent  projectional 
emittance.  Based  on  this  procedure,  the  beam  in  Fig.3a  has  a 
K-V  equivalent  envelope  convergence  of  -24  mrad,  which 
matches  the  acceptance  of  the  200  mA  ESQ.  In  general, 
increasing  the  gradient  grid  voltage  (with  respect  to  the 
extractor)  increases  the  beam  envelope  convergence,  with  a 
small  change  in  the  envelope  radius. 
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Figure  3.  WOLF  simulations  for  a  100  mA  H"  beam  with  a 
center  beam  and  one  ringlet,  accelerated  from  6.5  keV  to  100 
keV.  Beam  trajectories  are  plotted  in  (a)  and  the  r-r’  phase 
space  is  shown  in  (b). 
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Trajectories  and  phase  space  diagrams  for  a  nineteen  hole 
(i.e.,  three  ringlet)  design  are  illustrated  in  Fig. 4a  and  b. 
Changes  from  the  previous  design  are  an  increased  gap 
between  the  extraction  grid  and  gradient  grid  (to  10  cm). 
Beam  radius  at  the  ESQ  entrance  is  about  1  cm  and 
convergence  is  acceptable,  -30  mrad. 
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Figure  4.  WOLF  simulations  for  a  200  mA  H'  beam  with  a 
center  beam  and  two  ringlets,  accelerated  from  6.5  keV  to  100 
keV.  Beam  trajectories  are  plotted  in  (a),  and  the  r-r’phase 
space  is  shown  in  (b). 


The  large  gap  layout  illustrated  in  Fig.4a,  with  focus  ring 
and  gradient  grid,  has  been  chosen  for  the  joint  experiment 
between  JAERI  and  LBL.  Assuming  the  plasma  grid  is 
masked  and  the  appropriate  focus  ring  installed,  this  design 
has  been  shown  computationally  to  also  work  well  with  seven 
beamlets.  WOLF  simulations  indicate  that  for  seven 
beamlets,  the  gradient  grid  should  be  at  90  kV.  With  100  mA 
H'*  the  envelope  was  0.65  cm  in  radius,  with  a  -12  mrad 
convergence.  This  is  an  easy  match  to  the  200  kV  ESQ. 

The  long  path  from  the  extraction  grid  to  the  ESQ  in  the 
experimental  layout  raises  concerns  about  stripping  losses. 
However,  progress  in  volume  source  technology  has 
significantly  reduced  operating  pressure  in  recent  years.  Also, 
this  ESQ  was  designed  with  a  high  conductance  to  handle  gas 
from  older  sources,  with  higher  pressure  than  now  expected. 
Estimates  are  that  stripping  losses  associated  with  the  longer 
path  length  will  be  a  small  fraction  of  the  losses  within  the 
extractor. 

The  conceptual  design  for  the  nineteen  hole  merger  shov,  n 
in  Ftg.4a  offers  a  good  match  to  the  acceptance  of  the  200  kV 
ESQ,  and  the  expected  current  should  scale  to  an  ITER  proof 
of  principal  demonstration.  The  key  optics  elements  are  a 
focus  ring  at  the  perimeter  of  the  extraction  grid  and  a  large 
aperture  gradient  grid.  The  focus  ring  effectively  increases  the 
curvature  of  the  extraction  grid,  and  the  gradient  grid  insures 


the  flexibility  to  match  the  ESQ  acceptance.  This  design  is 
adaptable  to  also  testing  seven  beamlets.  Self-consistent  3D 
simulations  are  planned  in  the  future  to  refine  the  design  and 
to  study  emittance  growth. 
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Abstract 

We  present  a  design  for  the  low-energy  H*  injector.  It  is 
used  in  conjunction  with  a  rf -driven  multicusp  source  and 
will  deliver  30  mA  of  H*  at  35  kV,  at  a  pulse  length  of  less 
than  1  msec  to  a  RFQ  downstream  (used  in  the  LINAC 
booster  of  the  SSC,  for  example).  It  has  several 
distinguishing  features  and  meets  the  goal  of  having  an 
outgoing  beam  free  of  electron  contamination,  with  small 
radius,  large  convergent  angle  and  small  projectional 
emittance. 

The  specific  example  presented  meets  all  the 
requirements  of  the  injector  for  SSC  RFQ.  However,  the 
principle  and  method  used  should  easily  be  adapted  for  the 
designs  of  injectors  with  similar  requirements  for  other 
purposes. 


I.  INTRODUCTION 

/ 

Advances  [1]  have  been  made  with  the  recent  works  on 
the  rf -driven,  cesium  free  volume  production  multicusp  H" 
source  which  operates  at  relatively  low  gas  pressure  (p  -  10 
mT),  and  yields  high  ion  current  density  (jj  - 100  mA/cm^ ) 
with  low  extracted  electron  to  ion  ratio  ( jg/  jj  ~  10)  and  low 
ion  temperature  (kTj  -  1.5  eV).  In  this  paper  we  describe  a 
design  of  an  injector  that  would  couple  with  such  a  source 
and  would  deliver  a  useful  H~  beam  to  a  RFQ,  for  example, 
with  desirable  matching  parameters.  In  the  specific  example 
provided,  the  exiting  H'  beam  of  30  mA  at  35  kV  has  to 
meet  the  following  requirements  in  order  to  match  the  Twiss 
parameters  for  the  RFQ:  beam  radius  =  0.2  cm,  convergent 
angle  =  139  mrad,  and  e  =0.018  n-cm-mrad.  The  injector 
consists  of  four  electrodes  and  is  operated  in  an  accel-decel- 
accel  scheme  similar  to  the  other  injector  design  [2].  The 
fust  two  electrodes  employ  an  acceleration  voltage  of  50 
kV  to  extract  the  negative  ions  and  the  unwanted  electrons. 
The  latter  are  swept  away  by  a  pair  of  permanent  magnets 
embedded  in  the  fust  electrode.  (The  reason  to  choose  the 
50  kV  value  is  to  provide  enough  gap  spacing  for  those 
deflected  electrons  to  reach  the  second  electrode.)  The  H* 
beam  is  then  decelerated  by  the  third  electrode  (normally 
biased  at  the  same  voltage  as  the  fust  one).  The  beam 
expands  as  it  slows  down.  It  is  then  reaccelerated  and 
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compressed  by  the  fourth  electrode,  which  is  also  the 
entrance  to  the  RFQ.  Several  technical  improvements  have 
been  made  over  the  preliminary  version  reported  earlier  [3]. 
They  are  described  in  Sec.  II-IV  below.  Further 
improvements  and  extensions  of  the  design  are  discussed  in 
Sec.V. 

0.  SPECIAL  TECHNIQUES  USED  IN  THE 
DESIGN  COMPUTATION 


We  use  an  axisymmetric  2-D  ion  beam  optics  code  to 
compute  the  charged  particle  trajectories.  In  order  to  be 
precise,  we  include  the  effect  of  the  attenuation  of  the  H* 
beam  due  to  gas  stripping  by  modifying  the  current  density 
along  the  z  axis  with  the  function  fj  shown  in  Fig.l.  This 
survival  function  of  jj  is  a  fit  to  the  numerical  result  based  on 


the  stripping  cross-section  of  H~  by  neutral  molecules,  the 
pressure  profile  of  which  comes  from  a  molecular  flow 
calculation  performed  previously [3].  For  the  extracted 
electrons,  a  method  has  to  be  devised  to  simulate  their  space 
charge  effect,  at  least  in  the  direction  of  the  symmetry  axis. 
We  use  the  function  fe  shown  in  Fig.l.  It  accounts  for  the 
full  effect  near  the  source  aperture  and  is  gradually  turned- 
off  about  1  cm  away. 

In  order  to  compute  the  rms  projectional  emittance,  it  is 
necessary  to  use  the  "skew  beam  dynamics"  described  in 
Ref.[4].  It  also  gives  more  accurate  numerically  convergent 
results. 

Model  of  H*  beam  attenuation  due  to  stripping  by  neutral  gas 
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Fig.  I  Models  of  Beam  Attenuations 
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m.  DESIGN  GOALS  AND  THE  RESULTS 

The  specific  goal  mentioned  in  Sec.I  is  fulfilled  with 
the  design  shown  in  Fig.2. 


x(cm) 

Fig.  2  Axisymmetric  Beam  Trajectory  Plot  and  Exit  Phase 

An  H'  current  density  j,  =  115  mA/cm^  is  assumed  at  the 
source  aperture  which  has  a  radius  r  =  0.3  cm.  As  the  beam 
travels  about  6  cm  to  the  exit,  it  retains  about  92%  of  its 
current  according  to  the  function  fj  shown  in  Fig.l.  We  also 
assume  a  uniform  current  density  distribution  at  the  aperture 
and  an  ion  temperature  of  1.5  eV.  Thus  the  initial  rms 
emittance  is  0.006  rc-cm-mrad  at  that  location.  The  x-x' 
phase  plot  in  Fig. 2  shows  90%  of  the  emittance  as  the  beam 
enters  the  last  electrode.  The  length  of  the  first  gap  is  chosen 
in  such  a  way  that  it  nearly  saturates  the  Child-Langmuir 
limit,  once  the  acceleration  voltage  of  50  kV  is  chosen.  The 
shape  of  the  first  electrode  is  optimized  to  ensure  a  flat 
plasma  emitter,  which  is  defined  by  the  once-integrated 
Poisson  equation,  and  there  is  a  relatively  low  electric  field 
(E-1000  kV/cm)  across  this  emitter.  (The  voltages  of  the 
four  electrodes  are  0,  50,  0,  and  35  kV.  Alternatively,  they 
can  be  labelled  as  -35,15,  -35  and  0  kV). 

The  potential  of  the  third  electrode  is  normally  equal  to 
that  of  the  first  one.  However,  if  a  larger  convergent  angle 
of  the  beam  into  die  RFQ  is  desired,  it  should  be  biased  at  a 
few  kV  negative.  Thus  one  can  adjust  the  beam  angle 
continuously  to  provide  the  proper  enhance  angle  for  i 
particular  RFQ  requirement.  An  example  is  shown  in  Fig.3. 

IV.  DUMPING  OF  THE  ELECTRONS 

One  of  the  problems  of  extracting  negative  ions  from  a 
volume  source  is  that  the  beam  contains  a  large  amount  of 
unwanted  electrons.  Putting  a  pair  of  permanent  magnets 
(e.g.  SmCo)  inside  the  first  electrode  can  sweep  those 
electrons  out  of  the  beam  at  the  early  stage  of  acceleration. 
However,  a  closer  examination  of  this  solution[3]  reveals 
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Fig.  3  Axisymmetric  Beam  Trajectory  Plot  and  Exit  Phase 
with  a  Larger  Convergent  Angle 

that  the  magnets  of  proper  size  and  strength  to  achieve  this 
result  would  also  produce  a  B  field  of  about  500  gauss  at  the 
source  aperture,  extending  and  gradually  diminishing  into 
the  source  chamber.  Fig. 4  shows  the  calculated  and 
measured  B  field  as  a  function  of  axial  position.  This 
penetration  would  have  a  destructive  effect  on  the  H" 
production  there. 

A  method  is  found  to  solve  this  problem.  We  replace 
the  usual  material  copper  for  making  the  first  electrode  with 
soft  iron,  with  the  location  of  the  magnets  shown  in  Fig.2 
and  3.  This  soft  iron  housing  has  the  effect  of  shifting  the 
peak  of  the  B  field  away  from  the  source  and  greatly  reduces 
the  penetration,  as  shown  in  Fig.5. 


Z  (cm) 

Fig.  4  Comparison  of  the  Axial  B  Fields:  Calculated  and 

Measured,  both  with  Copper  Housing 
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V.  DISCUSSIONS  AND  CONCLUSIONS 


Location  of  the  source  aparaturo 


Fig.  5  Comparison  of  the  Axial  B  Fields:  Calculated  (with 

Copper  Housing)  and  Measured  (with  Soft  Iron  Housing) 

In  Fig.6  we  simulate  this  shifted  B  field  in  a  planar 
calculation  to  study  the  trajectories  of  the  electrons.  The 
exact  landing  location  of  the  electrons  on  the  second 
electrode  is  not  critical  as  long  as  they  are  stopped  from 
going  further  downstream.  Since  the  present  design  is  for 
short  pulse  operation  (less  than  1  msec.)  and  low  duty  factor, 
the  heat  loading  should  not  pose  a  problem,  especially  if 
active  cooling  is  employed. 

There  is  one  further  advantage  of  the  accel-decel  design. 
There  exists  an  electric  field  reversal  before  and  after  the 
second  electrode.  Any  secondary  emission  of  electrons 
produced  by  the  impact  of  the  extracted  source  electrons  on 
the  upstream  face  of  the  second  electrode  would  be  confined 
to  the  first  gap  and  would  not  migrate  downstream  to  cause 
head-loading  damage  or  to  produce  x-rays. 


0  50 


H - H 

1  cm 


Fig.  6  Planar  Calculation  Showing  the  Effect  on  the 
Extracted  Electrons  due  to  a  Pair  of  Magnets  Located  Inside 
the  1st  Electrodes 


We  have  shown  in  Sec.III  and  IV  a  design  of  a  compact 
injector  to  produce  an  H'  beam  with  large  convergent  angle 
and  low  emittance.  The  overall  arrangement,  including  the 
source,  is  shown  in  Fig.7.  The  exit  emittance  is  about  a 
factor  of  two  smaller  than  the  SSC  RFQ  injector 
requirement  This  is  achieved  by  good  ion  beam  optics  and 
the  low  H"  ion  temperature.  In  this  study  we  have  ignored 
the  contribution  of  the  emittance  growth  due  to  the 
perturbation  of  the  ion  trajectories  by  the  magnetic  field,  as 
well  as  its  steering  effect  on  the  beam  as  a  whole.  However, 
we  don't  expect  these  effects  to  be  dominant  factors.  We 
intend  to  investigate  them  in  3-D  calculations  in  the  future. 

The  question  of  how  to  dump  the  electrons  without 
interference  with  the  source  performance  and  ion  beam 
optics  is  a  long  standing  problem  for  H'  extraction.  We 
believe  we  have  found  a  simple  method,  described  in  Sec.IV, 
to  decouple  those  issues.  The  modification  of  the  present 
design  to  accommodate  dc  operation  is  under  study  and  shall 
be  reported  elsewhere. 


Fig.  7  Schematic  Diagram  of  the  RF  Multicusp  Ion  Source 
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Abstract 

A  lithium  lens  will  be  used  to  focus  the  120  GeV  proton 
beam  on  the  antiproton  production  target  to  a  spot  size  of 
about  0.1  mm,  as  part  of  the  planned  upgrade  to  the  FNAL 
antiproton  source  target  station.  Improved  focusing  increases 
antiproton  yield  and  corrects  for  possible  future  emittance 
dilution  of  the  incident  proton  beam.  The  lens,  with  a  radius 
of  3  mm  and  length  of  8  cm,  is  expected  to  operate  at  a 
gradient  of  2667  T/m  and  a  current  of  120  kA.  The  lens  is 
similar  in  design  to  the  antiproton  collection  lens. 

I.  INTRODUCTION 

A  lithium  lens  is  a  cylindrical  current-carrying  conductor. 
If  the  current  density  in  the  lithium  is  uniform,  the  strength  of 
the  focusing  magnetic  field  is  linear  with  radius,  and  the  device 
acts  as  a  simple  lens  on  high  energy  particle  beams.  Such 
lenses  have  been  used  routinely  at  FNAL  for  antiproton 
collection  downstream  of  the  antiproton  production  target. 
This  paper  describes  the  design  and  operational  parameters  of  a 
lithium  lens  to  be  installed  upstream  of  the  antiproton 
production  target.  The  upstream  (proton)  lens  design  is  based 
on  the  design  of  the  downstream  (collection)  lens.  In  addition, 
the  proton  leu*  design  incorporates  improvements  which  may 
be  used  in  future  versions  of  the  collection  lens  such  as 
improved  optical  quality  and  enhanced  mechanical  design  of  the 
beryllium  window  and  titanium  cooling  jacket. 

II.  DESIGN  CONSIDERATIONS 
A.  Lens  Optics 

A  short  focal  length  final  focus  lens  minimizes  the  spot  size 
on  target  for  an  incident  proton  beam.  In  addition,  a  short 
focal  length  reduces  local  heating  of  the  beryllium  entrance 
window  of  the  downstream  collection  lens  by  the  proton  beam. 
The  lithium  lens  was  chosen  over  alternate  focusing 
technologies  (e.g.,  plasma  lens,  pulsed  quadrupoles)  because 
the  design  of  the  lens  can  borrow  extensively  from  ex  '-rience 
at  FNAL  gained  in  fabricating  and  operating  the  antiproton 
collection  lens.  For  a  given  magnetic  field  gradient,  the  radius 
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of  the  lens  should  be  as  small  as  possible  to  minimize  stresses 
encountered  in  the  cooling  jacket  which  surrounds  the  lithium 
core.  Experience  at  FNAL  [Ref.  1]  and  elsewhere  [Refs.  2,3] 
indicates  that  lithium  lenses  can  be  made  to  operate  reliably  if 
the  magnetic  field  at  the  outer  radius  of  the  lens  (r0)  is 
maintained  below  10  T.  The  minimum  radius  is  dictated  by 
the  properties  of  the  120  GeV  proton  beam  and  transport  line. 
TRANSPORT  [Ref.  4]  calculations  for  a  0.2rt  mm-mrad 
emittance  beam  with  Ap/p  =  0.2%  (95%  limits)  in  the 
transport  line  retuned  for  the  proton  lens  yield  a  half-beam  size 
of  1.7  mm  at  the  upstream  entrance  of  the  lens.  Allowing  for 
beam  sweep  on  target,  variations  in  emittance,  and  drift  in 
beam  position,  a  3  mm  lens  radius  should  be  adequate  for 
efficient  beam  transport.  A  lens  of  8  cm  length  located  at  the 
first  collimator  module  of  the  target  station  (approximately 
168  cm  upstream  of  the  target)  and  operated  at  a  gradient  of 
2667  T/m  would  focus  the  beam  to  an  RMS  spot  size  on 
target  of  ox  =  oy  =  0.1  mm.  At  the  design  radius,  the  edge 
field  will  be  8  T.  To  provide  flexibility  in  placement  of  the 
lens,  the  design  is  based  on  a  maximum  operating  field  of  10 
T.  If  the  emittance  of  the  proton  beam  should  be  larger  than 
expected,  it  will  be  possible  to  maintain  the  desired  spot  size 
by  placing  the  lens  closer  to  the  target  and  operating  at  a  field 
higher  that  8  T. 

A  pulsed  power  supply  delivers  a  half-sine  wave  current  to 
the  lens  described  by  1(0  =  Io-exp(-at)-sin(cot)  (0<©t<n), 
where  I0  is  the  peak  current  without  damping,  a  is  the 
damping  constant,  and  to  is  the  angular  frequency  determined 
by  the  capacitance  and  inductance  of  the  pulser  circuit.  The 
current  and  magnetic  field  diffuse  into  the  lithium  core  on  a 
time  scale  that  depends  on  the  ratio  of  the  skin  depth  to  the 
lens  radius  8/rc  [Ref.  5].  Aberrations  in  the  lens  are  minimized 
when  the  magnetic  field  approaches  a  linear  radial  dependence. 
Aberrations  Ar  at  the  focal  point  may  be  written  as  a  function 
of  radial  position  at  the  lens  r  as: 

r  (1> 

where  H(r)  and  G.  the  magnetic  field  at  a  given  lens  radius  and 
the  gradient  of  the  linear  component  of  the  field,  respectively, 
may  be  calculated  from  the  analytic  solution  of  Reference  5. 
We  calculate  the  RMS  value  of  the  aberration  <Ar^>^  as: 
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where 


/  2\in  n  2\U2 

(Ar2)  --((*  -rG)2) 


(( H  -  r G)2)I/2  =  j^iH  -  rG)2r  dr  (3> 

ro 

which  is  solved  in  Fig.  1  for  8/r0  =  0.6,  0.65,  0.7,  and  0.75 
(a  =  6760  sec'1,  co  =  41  000  sec'*). 


Figure  1.  Proton  lens  field  linearity. 

This  calculation  assumes  that  the  incident  proton  beam  is 
free  to  wander  across  the  aperture  of  the  lens.  The  ratio  8/r0  is 
set  at  0.7  to  allow  for  jitter  in  the  trigger  circuit  of  the  lens 
pulser;  <Ar^>^  remains  less  than  0.02  mm  in  radius  over  a 
5  (is  time  window. 

The  ratio  8/r0  changes  as  the  lithium  is  heated  during  the 
pulse.  Temperature  and  conductivity  both  vary  significantly  as 
a  function  of  radius  during  the  pulse;  typical  curves  for  the 
temperature  distribution  are  shown  in  Fig.  2. 

The  solution  of  Ref.  5  neglects  the  conductivity  profile  in 
the  lithium;  solving  the  complete  coupled  equations  requires  a 
numerical  solution  [Ref.  6].  The  full  solution  has  not  yet 
been  completed  in  this  case;  however,  if  the  conductivity 
profile  is  parabolic,  one  can  show  that  the  spot  size  is  not 
significantly  degraded,  although  the  timing  of  minimum  spot 
size  may  change  slightly. 

Multiple  scattering,  which  amounts  to  about  27.5  [trad,  is 
the  dominant  contributor  to  spot  size  growth  from  beam 
interaction  with  the  proton  lens.  The  quadrature  sum  of  all 
lens  contributions,  including  multiple  scattering,  finite  depth 
of  focus,  and  optical  aberrations,  to  spot  size  is  about  0.05 
mm.  This  value  is  smaller  than  the  limiting  spot  size  for  the 
expected  emittance  of  the  proton  beam  delivered  to  the  lens 
(0.1  mm).  As  a  result,  lens  imperfections  are  not  expected  to 


be  a  significant  factor  in  determining  the  attainable  spot  size. 
The  total  beam  absorption  loss  is  7.5%  (i.e.,  5.8%  in  the 
lithium  and  1.7%  in  the  beryllium  windows). 


Figure  2.  Temperature  profile  in  lithium  core  at  peak  current 
and  after  pulse  during  cyclic  operation. 

B.  Mechanical  Design 

A  cross-section  of  the  proton  lens  is  shown  in  Fig.  3.  The 
current  is  introduced  to  the  lithium  through  1018  steel,  which 
has  relatively  low  resistivity,  adequate  strength,  and  is 
compatible  with  liquid  lithium. 

The  cooling  jacket  is  machined  from  Ti  6A1-4V  ELI 
billet  bar  stock.  The  various  pieces  of  the  water  circuit 
septum  are  joined  by  electron  beam  welding.  Great  care  is 
exercised  in  preparing  and  joining  the  septum  components  to 
minimize  weld  embrittlement  and  avoid  formation  of 
deleterious  microstructures.  The  central  core  of  lithium  is 
constrained  by  a  1  mm  thick  Ti  6A1-4V  conductor  tube  which 
provides  the  path  for  heat  exchange  between  the  lithium  core 
and  the  cooling  water.  The  thickness  of  the  conductor  tube 
was  selected  such  that  it  carries  only  a  small  fraction  (i.e., 
<5%)  of  the  total  current,  minimizes  the  combined  stresses  in 
the  lube  during  operation,  and  minimizes  the  temperature 
gradient  across  the  tube  wall.  Calculations  indicate  that  the 
largest  stress  in  the  cooling  jacket  occurs  just  after  the  pulse 
and  is  due  primarily  to  the  thermal  expansion  of  the  lithium 
core.  The  largest  radial  stress  occurs  at  the  inner  wall  of  the 
conductor  tube  and  is  estimated  to  be  14.7  ksi.  The  highest 
tangential  stress  (i.e.,  maximum  principal  tensile  stress)  also 
occurs  at  the  inner  wall  of  the  conductor  tube  and  is  calculated 
to  be  52  ksi,  which  is  well  below  the  endurance  limit  of  the 
material  for  10^  cycles.  As  delineated  in  Fig.  2,  the 
temperature  of  the  lithium  core  remains  well  below  the 
melting  point  of  186°  C  during  cyclic  operation. 
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Figure  3.  Cross-Sectional  View  of  Proton  Lens  Assembly 


The  septum  endcaps  feature  a  uniform  gradation  in  cross- 
section  to  provide  the  transition  in  wall  thickness  of  1  mm  in 
the  conductor  tube  to  l.S  mm  thickness  in  the  outer  current 
director  base.  Such  design  minimizes  stress  concentrations  due 
to  changing  wall  thickness  and  provides  adequate  strength  in 
the  critical  endcap  region. 

As  delineated  in  Fig.  3,  the  beryllium  window  features  a 
parabolic  profile  which  minimizes  the  window  thickness  and 
consequently  beam  absorption  while  maintaining  adequate 
strength  to  prevent  fracture.  Beryllium  was  selected  to 
minimize  beam  absorption  and  multiple  scattering  which  could 
dilute  the  effective  spot  size  on  target.  The  minimum  window 
thickness  is  3  mm.  The  peak  axial  pressure  exerted  on  the 
window  (about  30  ksi)  is  primarily  due  to  the  sum  of  axial 
pressures  generated  by  radially  flowing  currents  in  the  end 
region  and  by  Poisson  effect  loads  associated  with  radial 
compression  of  the  central  lithium  core.  The  inclined 
boundary  of  the  window  serves  to  minimize  the  maximum 
principal  tensile  stress  at  the  center  of  the  window  and  results 
in  a  more  homogeneous  state  of  stress  in  the  window.  The 
window  was  modeled  using  the  finite  element  program 
ANSYS®  [Ref.  7],  The  resulting  equivalent  stress  in  the 
window  is  estimated  to  be  below  the  107  cycle  endurance  limit 
for  notched  specimens  of  S65  beryllium  of  24  ksi. 

The  steel  lens  bodies  are  separated  by  95%  alumina  ceramic 
standoffs.  The  lens  current  will  be  monitored  by  a  Rogowski 
coil  placed  around  the  center  of  the  lens  body  in  the 
transformer  package.  The  entire  assembly  is  constrained 
against  axial  loading  by  8  Ti  6A1-4V  preloaded  fatigue  studs. 

Lithium  will  be  introduced  into  the  lens  in  a  procedure 
similar  to  that  used  for  the  collection  lens  [Ref.  5].  The 
lithium  will  be  extruded  such  that  a  compressive  preload  of 


210  atm  will  be  maintained  at  ambient  conditions  to 
counteract  the  maximum  z-pinch  at  tot=n/2. 

The  proton  lens  body  current  contact  area  was  designed  to 
accommodate  the  same  transformer  package  as  that  used  in  the 
2  cm  diameter  collection  lens.  The  total  inductance  of  the 
secondary  pulser  circuit  is  expected  to  be  30  nH;  the  secondary 
circuit  resistance  is  490  pf 2,  of  which  the  lithium  central 
conductor  contributes  330  pI2.  The  primary  circuit  consists  of 
a  power  supply  capacitance  of  260  pF,  an  equivalent  circuit 
inductance  of  2.5  pH,  and  an  equivalent  circuit  resistance  of  35 
mO.  For  a  nominal  operating  field  of  8  T,  the  charge  voltage 
on  the  capacitor  bank  is  V  =  2.0  kV,  the  peak  primary  circuit 
current  is  15  kA,  and  the  current  pulse  is  80  ps  long.  The 
corresponding  lens  current  is  120  kA. 
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Abstract 

We  present  an  injector  design  for  high-power  cw  proton 
linacs  with  particular  emphasis  on  intense  neutron-spallation 
sources.  Long-term  operational  reliability  and  availability 
dominate  over  specific  beam  parameters  for  these 
accelerators.  We  discuss  technical  requirements  for  the  ion 
source  and  low-energy  beam  transport  line  and  compare 
different  options.  A  prototype  design  for  a  75-kV,  1 10-mA 
cw  proton  injector  is  presented. 

I.  INTRODUCTION 

The  development  of  radio-frequency  quadrupole  (RFQ) 
accelerators  has  provided  an  effective  match  between  dc  ion 
source  injectors  and  radio-frequency,  drift-tube  accelerators 
which  greatly  enhances  the  practicality  of  building  high- 
current  cw  proton  linacs  for  intense  neutron  spallation  sources 
[1].  These  RFQ  accelerators  reduce  the  required  injection 
energy  to  a  limit  set  by  beam  perveance  rather  than  by  linac 
beam  dynamics  and  can  support  long-term,  cw  operation. 
Accelerator-based  conversion  (ABC)  of  weapons- grade  fissile 
materials,  accelerator  transmutation  of  nuclear  waste  (ATW), 
and  accelerator  production  of  tritium  (APT)  are  possible 
applications  of  this  technology.  After  discussing  the  design 
considerations  for  these  injectors,  we  present  a  preliminary 
design  for  these  applications. 

n.  INJECTOR  SPECIFICATIONS 

The  cw  injectors  for  neutron-spallation  sources  must 
provide  stable  proton  beams  with  high  availability.  The  total 
number  of  protons  on  target  will  be  an  important  measure  of 
operation.  These  injectors  will  have  to  provide  >100-mA  cw 
proton  beams  at  energies  up  to  100  keV  with  a  95%  beam 
fraction  normalized  emittance  of  1.2  nmm-mrad  at  the  RFQ 
match  point. 

A  design  for  an  accelerator  to  produce  tritium  is  being 
developed  at  the  Los  Alamos  National  Laboratory  (LANL). 
This  accelerator  is  expected  to  be  on  line  for  7800  hours/year 
with  an  overall  availability  of  85%.  Injector  availability  must 
exceed  98%  during  the  scheduled  on-time.  Periodic  ion- 
source  maintenance  may  be  done  no  more  often  than  once  a 
week  during  a  single  scheduled  8-hour  maintenance  period. 
The  injector  fault  rate  (primarily  high-voltage  faults)  must  be 
limited  to  less  than  one  per  hour.  Means  must  be  provided  in 
the  injector  to  reestablish  the  beam  in  the  linac  quickly  with 
minimal  perturbation  and  beam  spill.  The  low-energy  beam 
transport  (LEBT)  line  must  provide  proper  matching  and 
centroid  control  at  the  RFQ  entrance.  Non-interceptive  beam 
diagnostics  are  needed  to  ensure  proper  tuning  and  on-line 
monitoring  of  the  injector  beams. 

III.  ION  SOURCE 

The  choice  of  ion  source  for  these  cw  applications  will 
be  made  on  the  basis  of  proven  performance  for  long-term 
availability  and  operational  stability  as  well  as  current  and 
emittance  requirements.  Ion  source  gas  and  power 
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efficiencies  are  useful  criteria  for  cw  source  selection.  We 
define  the  ion-source  gas  efficiency,  q,  as 

q  =  6.95  iH+  (A)/QHj(sccm)  (1) 

where  the  proton  current  is  expressed  in  Amperes  (A)  and  the 
hydrogen  flow  is  given  in  standard  cubic  centimeters  per 
minute  (seem).  The  power  efficiency,  C,  is  given  by 

C  =  jH*(mA/cm2)/Pd(kW)  (2) 

where  jn+  is  the  proton  current  density  at  extraction  and  Pd  is 
the  discharge  power.  Ollier  important  operating  parameters  of 
interest  for  a  cw  ion  source  are  the  proton  current,  proton 
fraction,  beam  emittance,  and  source  lifetime. 

Table  I  summarizes  the  demonstrated  characteristics  of  a 
few  candidate  sources.  These  are  the  multicusp  source  with 
filament  drive  [2],  the  multicusp  source  with  2.0  MHz  rf  drive 
[3],  the  monocusp  ion  source  [4],  and  the  2.45  GHz  electron- 
cyclotron  resonance  (ECR)  ion  source  [5].  Emitter  radii  are 
given  immediately  below  the  source  description  in  the  first 
column,  and  the  extraction  voltage  is  given  in  the  second 
column.  The  total  beam  current  (proton  current  in 
parentheses)  is  given  in  the  third  column.  A  high  proton 
fraction  (the  ratio  of  the  proton  current  to  the  total  current)  is 
desirable  to  limit  beam  perveance  and  to  eliminate  mass 
analysis  prior  to  RFQ  injection.  Note  that  the  monocusp 
source  results  are  for  deuterium.  The  discharge  power  is 
presented  in  the  fourth  column,  while  the  power  efficiency,  C 
is  shown  in  the  fifth  column.  The  duty  factor  (df)  employed 
for  the  data  is  shown  in  the  sixth  column  while  the  gas 
efficiency,  q,  is  in  the  seventh  column.  Finally,  the  measured 
normalized  emittance  at  the  95%  beam-fraction  level  is  shown 
in  the  last  column.  A  Gaussian  beam-emittance  model  has 
been  used  to  obtain  the  95%  beam-fraction  emittance  values. 


Table  1 

Comparison  of  Candidate  Ion  Sources  for  CW  Linacs 


Ve« 

(k V) 

(rnA) 

Pd 

(kW) 

(mA/cmAW) 

df 

W 

n 

e(  95*) 
(nmm-mrad) 

Multi-cusp  [2] 
(filament) 
te  =  0.4  cm 

60 

56 

(45) 

7.1 

13 

100 

0.07 

0.59 

Multi-cusp  D] 
(2.0  MHz  rf) 
re  =  0.32  cm 

35 

82 

(70) 

18 

12 

.3 

0.02 

0.60 

Mooocusp 
(filament) 
re  =  0.63  cm 

200 

200 

(120)  D+ 

1.5 

60 

100 

0.14 

* 

ECR  proton  [3] 
(2.45  GHz) 
re  -  0.35  cm 

42 

96 

(67) 

0.6 

290 

100 

0.31 

0.60 

The  ECR  ion  source  developed  at  the  Chalk  River 
Laboratory  is  a  promising  candidate  for  this  application  based 
on  proven  cw  performance  and  high  gas  and  power 
efficiencies  [6].  A  schematic  diagram  of  this  ECR  source  is 
shown  in  Fig.  1 .  The  basic  ECR  geometry  has  been  modified 
to  optimize  the  production  of  protons  by  eliminating  the  axial 
confinement  geometry.  The  2.45-GHz  microwave  frequency 
is  sufficiently  low  that  the  required  axial  magnetic  field  of  875 
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Gauss  does  not  dominate  the  beam  emittance  after  extraction. 
Current  densities  up  to  500  mA/cm2  at  90%  proton  fraction 
have  been  obtained.  This  source  has  been  used  for  several 
years  with  the  RFQ1  project  at  Chalk  River  and  has  demon¬ 
strated  sufficient  lifetime  and  stability  at  a  90  mA  total  current 
level  to  support  extended  operation  of  their  cw  RFQ  [7], 


Fig.  1.  Schematic  Diagram  of  the  Chalk  River  ECR  Ion 
Source. 

Another  promising  ion  source  for  this  application  is  the 
rf-driven,  multicusp,  volume  source  [3,8],  A  2.0-MHz  version 
of  this  source  has  been  tested  and  has  demonstrated  85% 
proton  fraction  for  low-duty-factor  beams  [3].  The  gas 
efficiency  of  this  source  is  expected  to  increase  for  cw  (100% 
df)  operation.  Tests  are  needed  to  extend  the  operation  of  this 
source  to  full  cw  operation. 

Our  initial  preference  for  the  ECR  ion  source  over  the  rf- 
driven  volume  source  is  based  largely  on  the  improved  power 
efficiency.  The  ECR  source  operates  with  <1  kW  of 
2.45  GHz  microwave  power,  while  the  volume  source  may 
require  >20  kW  of  2  MHz  rf  power  to  produce  similar  beam 
currents  densities.  Additional  testing  of  several  candidate  ion 
sources  under  expected  cw  operating  conditions  is  required 
before  a  final  choice  can  be  made. 

An  injection  energy  of  75  keV  has  been  selected  based 
on  previous  experience  with  the  Fusion  Materials  Irradiation 
Test  (FMIT)  injector  [9].  We  have  designed  an  ion-extractor 
system  to  produce  the  required  1 10  mA  of  protons  assuming  a 
proton  fraction  of  85%  and  H,+  and  H3+  fractions  of  7.5% 
each.  This  design  entails  a  total  extracted  current  of  130  mA. 
The  extracted  current  density  is  chosen  to  be  235  mA/cm2,  so 
the  emitter  radius,  re,  is  0.42  cm.  The  equivalent  electron 
perveance  of  this  beam  is  0.29  (iP.  The  extractor  design  was 
done  using  the  SNOW  code  [10].  The  electron  trap  is  a 
proven  design  used  in  the  FMIT  injector.  Calculations  have 
been  made  varying  the  injected  current  from  the  ion  source; 
this  geometry  has  a  minimum  emittance  at  the  design  current 
of  130  mA.  Additional  designs  for  lower  proton  fractions 
have  also  been  developed. 


LOW-ENERGY  BEAM  TRANSPORT  SYSTEM 

The  LEBT  system  transports  and  matches  the  beams 
extracted  from  the  ion  source  to  the  RFQ  accelerator.  The 
design  beam  predicted  by  the  SNOW  simulation  has  an 
envelope  radius  of  0.43  cm  and  an  envelope  divergence  of 
46  mrad,  while  the  input  beam  required  by  the  RFQ  has  an 
envelope  radius  of  0.21  cm  and  an  envelope  convergence  of 
41  mrad. 

There  are  two  basic  approaches  that  can  be  used  for  the 
beam-transport  system  depending  on  whether  electric  or 
magnetic  optics  are  employed.  Electrostatic-transport  systems 
have  beat  used  to  transport  100-mA,  100-keV  H*  beams  and 
could  be  used  in  this  application  for  proton  beams  [11],  This 
option  is  less  sensitive  to  beam  noise  and  beam  instabilities 
but  is  limited  by  space-charge  effects  for  high-perveance 
beams. 

Magnetic-transport  lines,  on  the  other  hand,  generally 
entail  space-charge  neutralized  beams.  A  two-solenoid, 
magnetic-lens  system  [12]  preserves  the  cylindrical  beam 
symmetry  and  is  extremely  versatile  in  beam  matching  to  the 
RFQ.  This  transport  system  requires  that  the  beam  be  space- 
charge  neutralized  to  i95%.  Figure  2  shows  a  layout  of  the 
preferred  two-solenoid  lens,  direct-injection  LEBT.  Beam 
dynamics  simulations  with  85%  proton  fraction  show  that 
<0.5  mA  of  H?*  and  H3+  contaminant  ions  enter  the  RFQ  for 
this  design.  These  currents  are  much  less  than  the  expected 
proton  losses  in  the  RFQ  and  should  not  pose  an  operating 
problem. 


Fig.  2.  Layout  of  the  High-Current  Proton  Injector. 

In  addition  to  the  focusing  lenses,  steering  elements  are 
needed  to  correct  for  minor  alignment  errors.  Steering 
algorithms  have  been  developed  to  provide  independent 
control  of  both  centroid  position  and  angle  in  both  transverse 
planes  using  two  steering  pairs.  This  control  is  needed  to 
provide  optimum  tune  into  the  RFQ  [13]. 

A  fast  kicker  magnet  provides  a  means  to  turn  off  the 
proton  beam  within  several  microseconds  if  a  fault  should 
occur  anywhere  in  the  accelerator  or  target  systems.  There  is 
provision  to  insert  a  variable  iris  at  the  midpoint  of  the  LEBT 
to  limit  the  beam  current  to  the  accelerator  and  to  facilitate 
beam  tum-on.  We  plan  to  employ  an  accelerator  design  in 
which  the  tune  is  relatively  insensitive  to  beam  current  so  that 
the  accelerator  will  be  brought  up  to  full  power  by  ramping  up 
a  low-current,  cw  beam.  This  mode  of  turn-on  entails  less 
transient  loading  of  RF  systems  and  permits  continuous 
adjustment  of  beam  tune  during  ramp-up. 

Non-interceptive,  beam-diagnostic  elements  are  included 
in  the  injector  to  facilitate  beam  tuning  and  to  diagnose 
operating  problems.  Optical  profile  monitors  provide 
continuous,  on-line  beam  profile  monitoring.  Tomographic 
techniques  can  be  used  to  deduce  the  beam  emittance  [14], 
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Proper  setting  of  the  ion-source  parameters  can  be  achieved 
by  tuning  for  optimum  beam  profiles.  The  tune  of  the 
focusing  and  steering  elements  can  also  be  monitored  on  line 
by  these  profile  monitors  with  a  positional  accuracy  of 
±0.2  mm.  Optimal  monitoring  locations  are  at  the  LEBT 
midpoint  and  at  the  RFQ  entrance.  A  dc  transducer  will 
provide  continuous  monitoring  of  the  LEBT  beam  current. 
An  in  settable  beam  dump  is  provided  for  limited  off-periods 
when  it  is  undesirable  to  turn  off  the  ion  source.  Water-cooled 
collimators  and  apertures  will  be  used  throughout  the  transport 
line  to  intercept  any  errant  beam.  The  H2*  and  H3+  molecular 
ion  beams  in  large  part  will  be  intercepted  on  the  collimators 
at  the  entrance  of  the  RFQ  and  on  the  fixed  collimator  at  the 
LEBT  midpoint 

This  design  was  done  for  a  nominal  current  density  of 
235  mA/cm2.  Designs  have  also  been  carried  out  for  other 
current  densities  ranging  from  200  mA/cm2  to  500  mA/cm2. 
Hie  two-solenoid-lens  LEBT  has  sufficient  flexibility  to 
match  any  of  these  beams  to  the  RFQ.  Figure  3  shows  the  a-B 
tuning  diagram  for  the  235-mA/cm2  design.  This  diagram 
shows  loci  of  match-point  parameters  at  the  RFQ  entrance  that 
can  be  obtained  for  a  given  excitation  of  the  fust  solenoid  as 
the  strength  of  the  second  solenoid  is  varied.  The  use  of  two 
solenoids  provides  an  adequate  tuning  range  in  a-fi  space  to 
accommodate  tuning  variations  in  the  proton  beams.  In  these 
simulations,  the  input  beam  is  assumed  to  be  fully  neutralized. 
The  emittance  parameters  were  obtained  by  scaling  the 
235-mA/cm2  results  from  SNOW  to  the  maximum  emittance 
allowed  by  the  RFQ  and  then  requiring  the  beam  envelope 
size  and  divergence  to  be  unchanged.  These  calculations  were 
done  for  a  total  emittance  of  68^  which  corresponds  to  95% 
beam  fraction  for  a  Gaussian  beam.  Similar  tuning  diagrams 
were  found  for  beams  with  95%  neutralization  (7  mA 
effective  current)  and  for  ±15%  current  variations  from  the 
nominal  130  mA  extracted  beam. 


Values  of  Alpha 

Fig.  3.  a-P  Tuning  Diagram  at  RFQ  Entrance  for  the  High- 
Current  Proton  Injector. 

Error  studies  indicate  that  beam  centroid  positioning 
errors  should  be  less  than  ±0.50  mm  and  ±10  mrad  at  the  RFQ 
match  point.  Optical  aberrations  are  limited  by  conservative 
solenoid-lens  designs  with  the  beam  filling  less  than  half  the 
magnet  bore.  The  use  of  adequate  pressure  in  the  transport 
line  (l  x  10'5  lorr  of  a  suitable  background  gas)  ensures  that 
beam  neutralization  limits  non-linear,  space-charge-induced 
emittance  growth  in  the  LEBT. 


IV.  SUMMARY 

A  basic  injector  design  for  high-current,  cw,  proton 
linacs  is  presented.  With  the  advent  of  RFQ  accelerators,  the 
required  injectors  can  be  designed  for  much  lower  injection 
energies  with  most  of  the  ion-source,  ancillary  systems  at 
ground  potential.  An  ECR  ion  source  operating  with  a 
standard  high-voltage  column  feeding  a  magnetic-transport 
line  using  solenoid  lenses  appears  to  be  a  suitable  design. 
Particular  attention  must  be  paid  to  long-term,  operational 
stability  and  reliability.  Further  testing  of  this  injector  system 
is  needed  to  prove  that  the  required  long-term  operation  can 
be  achieved. 

V.  REFERENCES 

[1]  G.  P.  Lawrence,  1991  Particle  Accelerator  Conference, 
Vol.  4,  p  2598,  San  Francisco,  California  (1991). 

[2]  Y.  Okumura,  T.  Inoue,  H.  Oguri,  and  H.  Tanaka,  1992 
Linear  Accelerator  Conf.  Proceedings  (Ottawa,  Canada) 
AECL- 10728,  645  (1992),  and  Y.  Okumura  and 
K.  Watanabe,  JAERI-M,  92-104  (March,  1992).. 

[3]  J.  Sredniawski  and  T.  Debiak,  Grumman  Corporation, 
Internal  Report  92-10  (Dec.,  1992)  and  private 
communication  (1993). 

[4]  J.  P.  Brainard  and  J.  B.  Hagen,  Rev.  Sci.  Instrum.  54 
(1 1),  1497  (1983)  and  private  communication. 

[5]  T.  Taylor  and  J.  S.  C.  Wills,  1992  Linear  Accelerator 
Conf.  Proceedings  (Ottawa,  Canada)  AECL-10782,  347 
(1992)  and  AECL-10782,  350  (1992). 

[6]  T.  Taylor  and  J.  S.  C.  Wills,  Nuclear  Instruments  and 
Methods  in  Physics  Research  A309.  37  (1991). 

[7]  G.  M.  Arbique,  B.  G.  Chidley,  G.  E.  McMichael,  and 
J.  Y.  Sheikh,  1992  Linear  Accelerator  Conf.  Proceedings 
(Ottawa,  Canada)  AECL-10728,  55  (1992). 

[8]  K.  N.  Leung,  D.  A.  Bachman,  and  D.  S.  McDonald, 
Third  European  Particle  Accelerator  Conference  (Berlin, 
Germany),  1038  (1992). 

[9]  J.  D.  Schneider  and  D.  D.  Armstrong,  IEEE  Trans,  on 
Nuclear  Science,  NS-30.  no.  4,  2844  (1983). 

[10]  J.  E.  Boers,  "SNOW  -  A  Digital  Computer  Program  for 
the  Simulation  of  Ion  Beam  Devices,"  Sandia  National 
Laboratory  report  SAND79-1027  (1980). 

[11]  O.  A.  Anderson,  L.  Soroka,  J.  W.  Kwan,  and 
R.  P.  Wells,  Second  European  Particle  Accelerator 
Conference  (Nice,  France),  1288  (1990). 

[12]  R.  R.  Stevens,  Jr.,  "High-Current  Negative-Ion  Beam 
Transport,"  submitted  to  Sixth  International  Symposium 
on  the  Production  and  Neutralization  of  Negative  Ions 
and  Beams,  Brookhaven  National  Laboratory  (1992). 

[13]  S.  K.  Brown  and  W.  H.  Atkins,  "Beam  Steering  in  the 
Ground  Test  Accelerator  Low  Energy  Beam  Transport,” 
LANL  report,  LA-UR-93-358  (1993). 

[14]  D.  P.  Chamberlin,  G.  N.  Minerbo,  L.E.  Teel,  and 
J.  D.  Gilpatrick,  IEEE  Trans,  on  Nuclear  Science,  NS-28. 
no.3, 2347  (1981). 


3168 


A  High  Power  Long  Pulse  RF-driven  H"  Source 

J.  W.  Kwan,  G.  D.  Ackerman,  W.S.  Cooper,  G.  J.  deVries,  K.N.  Leung,  R.  P.  Wells 
Lawrence  Berkeley  Laboratory,  University  of  California, 


Berkeley, 

Abstract 

We  have  tested  the  radio-fiequency  driven  H~  source  and 
have  shown  that  the  H"  production  efficiency  and  the  beam 
emittance  are  similar  to  those  obtained  from  the  filament 
discharge.  Typically  the  numbers  are  2.8  mA/cm2/kW  and 
0.017  lt-mrad-cm  (which  corresponds  to  1.9  eV)  respectively. 
So  far  we  have  operated  RF  pulses  of  -  10  kW  for  -  50  ms 
with  a  porcelain-coated  antenna  and  -15  kW  for  -  1  s  with 
additional  layers  of  quartz  sleeving.  It  is  necessary  to  develop 
better  antenna  coating  material  that  can  withstand  the  intense 
plasma  beating  and  sputtering  in  order  to  operate  at  higher 
power  with  longer  pulse  length. 

I.  INTRODUCTION 

In  the  last  Particle  Accelerator  Conference,  Leung  et  al1 
reported  some  encouraging  results  using  a  radio-frequency 
driven  multicusp  source  to  produce  H~  ions.  More  than  30 
mA  of  IT  current  was  obtained  with  a  5.4-mm-diam  extraction 
aperture  and  with  an  RF  input  power  of  50  kW.  As  explained 
by  the  authors,  the  RF  discharge  has  many  advantages  over  the 
filament  discharge;  these  include  longer  lifetime,  ease  of 
operation  at  high  power,  fast  start-up  etc.  Similar  to  filament 
discharges,  the  H~  yield  can  be  enhanced  by  introducing  cesium 
vapor  into  the  RF-driven  discharge.  Using  the  same  RF 
power,  Leung  et  el2  obtained  more  than  90  mA  of  IT  current 
in  a  later  experiment  which  confirms  a  factor  of  3 
enhancement  by  the  cesium  injection.  The  above  experiments 
were  done  with  discharge  pulses  typically  less  than  a  couple  of 
ms  long.  The  purpose  of  our  experiment  is  to  test  the  ion 
source  for  a  longer  pulse  length  extending  up  to  many  seconds 
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at  a  practical  cw  power  level  (e.g.  at  -20  kW). 

II.  Apparatus 

A  schematic  diagram  of  the  ion  source  is  shown  in  Fig.  1. 
The  source  dimension  is  similar  to  the  one  described  in 
reference  1.  It  has  a  multicusp  chamber  10-cm-diam  by  10- 
cm-deep  surrounded  by  20  columns  of  samarium-cobalt 
magnets.  The  central  field-free  region  is  approximately  6  cm 
in  diameter.  Two  pairs  of  filter  rods  (which  have  permanent 
magnets  embedded  inside)  are  used  to  generate  the  magnetic 
field  in  front  of  die  extraction  aperture.  When  needed,  cesium 
can  be  released  into  the  ion  source  by  SAES  dispensers^ 
mounted  inside  the  source.  The  inner  surface  of  the  souce  is 
covered  with  molybdenum  liners  in  order  to  minimize  cesium 
condensation  on  the  cold  copper  surfaces.  Since  we  are 
operating  at  -20  kW  instead  of  50  kW,  the  H”  current  density 
is  much  lower  than  that  obtained  in  reference  1  and  2.  For 
this  reason,  a  larger  aperture  (15  mm  in  diameter)  was  selected 
in  order  to  produce  sufficient  H~  beam  current  Description  of 
the  100  keV  preaccelerator  with  the  electron  trap  can  be  found 
in  reference  4. 

In  the  past,  the  same  ion  source  was  driven  by  two 
tungsten  filaments.  In  this  study,  the  filament  unit  has  been 
replaced  by  an  RF  antenna.  It  has  the  shape  of  a  two-turn 
induction  coil  (6  cm  in  diameter)  and  is  made  of  4.7-mm-diam 
copper  tubing  coated  with  a  thin  layer  of  hard  porcelain 
material.  A  small  tungsten  filament  is  used  as  a  starter  to  pre¬ 
ionize  the  hydrogen  gas  before  the  RF  discharge  occurs  and  it 
can  be  turned  off  after  the  RF  discharge  has  started. 

Apart  from  the  antenna,  the  ion  source  itself  is  designed  to 


Fig.  1.  Schematic  diagram  of  the  ion  source  with  an  RF  antenna. 
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handle  36  kW  of  steady-state  input  power.  During  the  initial 
testing,  we  found  that  the  original  RF  antenna  used  in  Leung’s 
experiments  began  to  fail  (at  the  porcelain  coating)  when  the 
power  exceeded  7  kW  for  pulses  over  a  second  long  or  for  10 
kW  pulses  over  a  few  hundred  ms.  In  our  experiment,  we 
found  that  adding  one  or  two  layers  of  quartz  sleeving  over  the 
porcelain-coated  antenna  can  improve  the  antenna's  operating 
range.  However  the  quartz  sleeving  introduces  another  adverse 
effect  to  the  production  of  H~  ions.  We  will  discuss  this  in 
more  detail  in  the  next  section. 

The  RF  circuit  diagram  is  shown  in  Fig.  2.  The  RF 
power  supply  is  capable  of  delivering  100  kW  of  cw  RF 
power  at  «2  MHz.  The  RF  power  is  transmitted  from  the 
power  supply  via  a  50  ohm  co-axial  cable  to  a  5-stage  100  kV 
isolation  transformer.  The  final  stage  of  the  transformer  is 
coupled  to  a  LC  matching  network.  As  usual,  the  antenna 
itself  can  be  represented  by  a  transformer  with  a  single  turn 
secondary  while  the  plasma  acts  as  a  resistor  in  series  with  an 
inductor.  During  operation,  the  RF  frequency  is  tuned  (in  the 
neighborhood  of  2  MHz)  to  obtain  resonance  in  the  matching 
network  such  that  the  voltage  and  the  current  at  the  input  of 
the  isolation  transformer  are  in  phase.  The  turns  ratio  of  the 
isolation  transformer  is  adjusted  to  bring  the  transformer  input 
impedance  (with  the  plasma  load)  close  to  50  ohms. 
According  to  a  power  balance  calibration,  the  isolation 
transformer  only  has  a  power  transmission  efficiency  of  =<70% 
(probably  due  to  the  lossy  core  material). 

H"  beam  current  is  measured  by  a  current  transformer 
downstream  of  a  dipole  magnet  which  eliminates  all  remaining 
electrons  in  the  beam.  The  average  current  density  reported 
here  is  defined  as  the  beam  current  measured  by  the  current 
transformer  divided  by  the  area  of  the  source  aperture.  At  a 
typical  source  operating  gas  pressure  of  10  mT,  our  Monte 
Carlo  gas  flow  computation  predicted  a  45%  stripping  loss  of 
H'  ions  in  the  preaccelerator. 

III.  Experimental  Results 

Our  first  interest  was  to  compare  the  H~  yield  between 
filament  driven  and  RF  driven  discharges.  Previously,  the  ion 
source  had  been  operated  to  obtain  75  mA  of  H~  beam  current 
from  a  14-mm-diam  aperture  using  17  kW  of  dc  filament 
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Fig.  2.  A  circuit  diagram  of  the  RF  system. 


discharge4.  The  H~  production  efficiency  in  that  case  was 
equal  to  2.81  mA/cm^/kW.  The  pulse  length  was  270  ms. 
With  a  slightly  reduced  power  of  14  kW  and  a  smaller  aperture 
(10  mm  diameter),  we  have  obtained  up  to  2.5  s  of  H'  beam; 
the  beam  current  started  at  32  mA,  stayed  constant  for  about  1 
s  and  then  drooped  down  to  29  mA  at  the  end  of  the  2.5  s 
pulse.  We  believe  that  this  reduction  of  H"  yield  is  due  to  the 
accumulation  of  tungsten  vapor  on  the  cesiated  surfaces  during 
the  very  long  pulse. 

We  typically  accelerate  the  H'  beams  to  more  than  70  keV 
energy,  thus  it  is  necessary  to  minimize  the  electrons  extracted 
from  the  ion  source.  In  order  to  do  this,  the  plasma  electrode 
must  be  biased  positively  with  respect  to  the  source  anode. 
Unfortunately,  a  positive  bias  has  the  adverse  effect  of 
reducing  the  H"  yield.  The  electron  problem  is  more  severe  in 
the  case  of  RF  discharge  than  the  filament  discharge  and 
therefore  a  high  positive  bias  is  required  which  further  reduces 
the  H*  yield.  This  situation  is  different  from  that  in  Leung’s 
experiments* in  which  a  negative  bias  was  applied  to  the 
plasma  electrode. 

Fig.  3  shows  the  H~  yield  as  a  function  of  RF  power  with 
and  without  cesium  injection.  The  three  series  of  data  are 
labeled  as  “no  cesium”,  “some  cesium”  and  “more  cesium” 
because  we  had  no  means  of  quantitatively  measuring  the 
amount  of  cesium  vapor  in  the  discharge.  Interestingly,  the 
H~  output  current  was  proportional  to  the  RF  power  without 
showing  any  sign  of  saturation  at  high  power.  Comparing  the 
performance  between  “no  cesium”  and  “more  cesium”,  the  IT 
yield  was  enhanced  by  more  than  a  factor  of  3.  Given  that  the 
aperture  has  an  area  of  1.77  cm^,  the  H~  production  efficiency 
for  RF  is  2.76  mA/cm^/kW  (when  there  is  plenty  of  cesium 
vapor  in  the  discharge).  This  number  is  very  close  to  the  one 
found  for  filament  discharge  mentioned  earlier.  These  beam 
data  were  obtained  with  discharge  pulses  that  were  >50  ms 
long. 

The  pressure  in  the  source  was  reduced  from  15  mT  in  the 
case  of  “no  cesium”  to  <10  mT  in  the  case  of  “more  cesium”. 
The  plasma  electrode  was  typically  biased  at  +10  V  for  all 
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Fig.  3.  H~  yield  as  a  function  of  RF  power  into  antenna. 
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Fig.  4.  An  emittance  diagram  of  a  70  keV,  41  mA  H"  beam. 

cases.  The  ratio  of  leakage  electron  to  IT  current  varied  with 
discharge  power  and  cesium  concentration.  For  example  at  8.5 
kW,  the  ratio  was  4: 1  in  the  case  of  “more  cesium”  and  8:1  in 
the  case  of  “no  cesium”. 

Fig.  4  shows  an  emittance  diagram  of  a  41  mA  H~  beam 
obtained  with  8.4  kW  of  RF  input  power.  The  pulse  length 
was  equal  to  SO  ms.  The  normalized  rms  emittance  was  0.017 
re-mrad-cm  which  corresponses  to  an  equivalent  ion 
temperature  of  1.92  eV  at  the  15-mm-diam  aperture.  This  ion 
temperature  is  certainly  within  the  same  range  as  the  ones 
obtained  in  our  previous  experiment  using  filament  dc 
discharges^. 

As  mentioned  earlier,  the  original  antenna  design  was 
unable  to  withstand  cw  operation  exceeding  7  kW  of  RF 
power.  The  first  place  to  show  damage  was  the  porcelain 
coating  at  the  center  of  the  induction  coil  where  the  plasma 
density  was  expected  to  be  at  its  maximum.  By  moving  the 
antenna  “return  leg”  to  the  outside  of  the  loop,  the  situation 
was  improved  but  we  are  still  unable  to  operate  at  >  10  kW 
cw.  Another  approach  that  we  have  tried  was  to  add  quartz 
sleeving  over  the  porcelain-coated  antenna.  Apparently,  the 
quartz  sleeving  provided  enough  thermal  shielding  to  the 
antenna  that  it  could  operate  at  up  to  «15  kW  cw  without 
incurring  damage.  Unfortunately  we  found  that  the  quartz 
sleeving  was  responsible  for  depositing  a  thin  layer  of 
insulating  material  (most  likely  quartz)  all  over  the  inside  of 
the  source.  For  this  reason,  the  cesium  enhancement  effect 
was  suppressed  and  subsequently  the  H'  yield  was  very  low. 

IV.  DISCUSSION 

So  far  the  result  in  testing  the  RF-driven  multicusp  H~ 
source  showed  that  the  H~  production  efficiency  and  the  beam 
emittance  are  similar  to  those  obtained  from  the  filament 
discharge;  they  are  typically  at  2.8  mA/cm^/kW  and  0.017  ji- 
mrad-cm  (which  corresponds  to  1.9  eV)  respectively. 

The  present  porcelain  coating  on  the  antenna  surface  works 
well  only  for  short  pulses  or  for  cw  low  power  applications. 
In  order  to  operate  at  high  power  (e.g.  £  15  kW)  with  long 


pulses  (e.g.  S  500  ms),  it  will  be  necessary  to  develop  better 
antenna  coating  material  to  withstand  the  intense  plasma 
heating  and  sputtering. 
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Abstract 

A  pulsed  8X  source  was  built  and  the  H'  beam  current, 
emittance,  and  power  efficiency  were  measured.  These  results 
were  promising,  so  a  cooled,  dc  version  designed  for  operation 
at  arc  power  levels  up  to  30  kW  was  built.  Testing  of  the  CW 
8X  source  discharge  is  underway.  The  design  dc  power  loading 
on  the  cathode  surface  is  900  W/cm2,  considerably  higher  than 
achieved  in  any  previous  Penning  surface-plasma  source 
(SPS).  Thus,  the  electrode  surfaces  are  cooled  with 
pressurized,  hot  water.  We  describe  the  source  and  present  the 
initial  operating  experience  and  arc  test  results. 

I.  INTRODUCTION 

The  8X  source  is  under  development  for  possible  use  in 
the  neutral-particle  beam  program.  It  may  also  be  of  interest 
to  other  projects  that  require  either  dc  or  bigh-duty-factor,  high- 
quality  H~  beams.  The  pulsed-8X  source  design  and  measured 
performance  are  described  in  Ref.  [1].  Grumman  Space 
Systems  built  [2]  a  cooled  version  of  the  8X  source,  the  CW 
8X  source  [3],  that  is  designed  to  operate  with  dc  arc.  The 
source  is  now  installed  on  the  high-current  test  stand  (HCTS) 
at  Los  Alamos  for  dc  arc  tests.  The  HCTS  was  modified  to  ac¬ 
commodate  the  additional  equipment  necessary  for  these  tests, 
including  installation  of  a  water-cooling  system  and  a 
Macintosh  IIci-LabView™-based  set-point,  data-archiving 
computer  system  [4],  Previous  work  on  cooled  or  long-arc- 
pulse  Penning  sources  is  described  in  [5],  [6],  and  [7]. 

n.  SOURCE  DESIGN 

We  observed  a  cathode  power  efficiency  £  =  640  m  A/kW 
in  our  pulsed  8X  source  measurements  [1]  (£  =  jn-/Fc>  where 
jH-  is  the  emission  current  density  and  Fc  is  the  cathode  power 
loading).  Researchers  at  Novosibirsk  claim  [8]  dc  operation  of 
an  H"  planotron  SPS  at  cathode  power  loads  Fc  =  1  kW/cm2. 
Thus,  we  speculate  that  jH-  £  640  mA/cm2  would  be  possible 
for  dc  operation  of  the  8X  source  (a  Penning  SPS). 

The  CW  8X  source  predicted  performance,  based  on  the 
measured  pulsed-8X-source  performance  [1],  is  shown  in  Table 
I  of  Ref.  [3].  We  assume  that  for  the  dc  source  the  effective  H" 
transverse  temperature  is  6.7  eV,  the  value  found  in  the  pulsed- 
8X-source  emittance  measurements  [1].  For  a  0.40-cm-diam 
emitter,  60-mA  dc  H~  beams  with  nns  normalized  emittances  e 

*  0.01  n  cm  mrad  are  anticipated.  We  estimate  a  cathode 
power  density  of  900  W/cm2,  low  enough  to  permit  dc 
operation.  However,  the  discharge  power  is  88  V  x  340  A  = 
30  kW,  with  20  kW  estimated  to  go  to  the  cathode  and  10  kW 
to  the  anode.  Vigorous  cooling  of  all  surfaces  contacting  the 
source  plasma  is  provided. 

The  approach  taken  to  cool  the  cathode  and  anode  [2,3] 
operating  at  power  loads  as  high  as  1.4  and  0.26  kW/cm2,  re¬ 
spectively,  is  illustrated  in  Fig.  1.  To  cool  the  cathode,  water 

*  Work  supported*  by  the  Dept,  of  Defense,  US  Army  Strategic 
Defense  Command  under  auspices  of  the  US  Dept,  of  Energy. 


is  transported  up  seven  squirt  tubes  (0.22  cm  o.d.  x  0.013  cm 
walls)  to  the  end  of  each  cathode  tip.  The  water  then  reverses 
direction  (180°  bend)  and  is  transported  down  the  annulus 
between  the  squirt  tube  and  the  0.30-cm-i.d.  cavity  machined 
into  the  cathode.  The  power  deposited  on  the  cathode  is 
transported  through  a  0.1 7-cm- thick  layer  of  molybdenum  to 
the  coolant  passages.  Good  heat  transfer  is  achieved  by  using 
the  fluid  velocity  to  suppress  local  burnout.  The  heated  water 
from  the  annuli  surrounding  the  14  squirt  tubes  (7  in  each  tip) 
is  returned  to  a  common  plenum.  The  water  is  then 
transported  to  a  specially  built  unit  capable  of  removing  up  to 
46  kW.  Because  the  anode  power  loading  is  four  times  lower 
than  the  cathode  loading,  and  because  the  emission-aperture-cap 
power  loading  is  assumed  to  be  the  same  as  for  the  anode,  both 
are  cooled  using  conventional  coolant  passages  [3].  A  conical 
collar  in  the  drift  region  (Fig.  2)  provides  maximum  e~ 
suppression  with  no  degradation  of  the  H~  beam  output  [9]. 
The  anode,  cathode,  and  emission-aperture  cap  are  molybde¬ 
num,  which  has  good  thermal  and  structural  properties  in 
addition  to  excellent  H~  production.  More  design  details,  and 
the  results  of  the  design  calculations,  are  given  in  [2]  and  [3]. 

Figure  2  shows  a  CW  8X  source  assembly  drawing.  The 
variable  magnetic  field  is  provided  with  an  electromagnet 
coil.  Cesium  vapor  is  provided  by  heating  a  mixture  of 
titanium  and  cesium-ch  rmate  powders  contained  in  a 
separate  oven  (not  shown).  The  source  is  heated  initially  to 
185°C  by  the  water  system.  Once  the  arc  is  struck,  the  water 
temperature  is  kept  >150°C  to  maintain  the  proper  cesium 
coverage  on  the  electrode  surfaces. 


Figure  1.  A  cross-sectional  view  of  the  CW  8X  source 
cathode,  anode,  and  emission-aperture  cap  [2,3]. 
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Figure  2.  An  assembly  drawing  of  the  CW  8X  source  [3]. 
HI.  WATER  SYSTEM 

Figure  3  shows  the  layout  of  the  HCTS.  The  500  psi 
(3.4  MPa),  200°C  water  system,  purchased  from  Wellman 
Thermal  Systems  in  Shelbyville,  IN,  provides  the  deionized, 
high-temperature  water.  During  start  up,  the  water  is  heated 
by  a  12-kW  electrical  heater  coil.  A  22-gpm  (83-fpm)  pump 
circulates  the  water  to  the  source  through  the  manifolding. 
Once  the  operating  temperature  is  reached,  a  Honeywell  UDC 
5000  controller  maintains  the  water  temperature  at  the  preset 


Figure  3.  Schematic  of  the  test-stand  layout, 
including  the  water  system. 


value  by  sending  a  portion  of  the  water  through  a  heat 
exchanger  that  has  46-kW  cooling  capacity.  If  a  water  leak  is 
sensed,  air-actuated  fast  valves  isolate  the  water  system  from 
the  manifolding  and  the  source.  Pressure-relief  valves 
automatically  protect  against  over-pressure  conditions. 

IV.  SOURCE  ELECTRONICS 

In  addition  to  the  requirements  imposed  by  having  to 
cool  a  30-kW  dc  discharge,  an  additional  complication  is 
introduced  by  the  arc  requirements.  Approximately  400  V  is 
needed  to  initiate  the  Penning  SPS  discharge.  We  estimate 
that  350  A  of  arc  current  is  needed  to  produce  the  desired  H' 
current.  One  option  is  to  use  a  400-V,  350-A  dc  power  supply 
to  start  and  to  sustain  the  discharge.  Instead,  we  use  a  600- V 
arc  pulser  to  strike  the  discharge  and  two  30-kW  dc  power 
supplies  (one  rated  at  150  V,  200  A  and  the  other  at  200  V, 
150  A,  arranged  in  parallel)  to  sustain  it  (Fig.  4).  Schematics 
of  the  expected  CW  8X  source  discharge  voltage  (Vj)  and 
discharge  current  (I<j)  waveforms  are  shown  in  Fig.  5. 


Figure  4.  CW  8X  source  electronic  circuit  schematic. 


Two  power  supplies  charge  the  17.2-mF  arc-pulser 
capacitors.  Zener  diodes  placed  in  the  control  circuits  of  the 
500- V  power  supplies  limit  their  outputs  to  300  V.  At  time  t 
=  0,  the  low-power  transistor  switch  closes  initiating  the 
source  discharge.  The  150-V,  350-A  power  supply  continually 
draws  current  through  the  8-Q  resistor  to  improve  its  response 
to  the  pulsed  current  demand.  That  demand  comes  at  t  = 
1.0  ms,  when  the  high-power  transistor  switch  closes  and  the 
low-power  switch  opens.  Large  power  diodes  prevent  crosstalk 
between  the  150-V,  350-A  power  supply  and  the  arc  pulser. 
The  150-V,  350-A  power  supply  keeps  the  discharge  running 
until  the  high-power  transistor  switch  is  opened. 

V.  INITIAL  OPERATING  EXPERIENCE 

NiOro  brazing  compound  (82%  Au,  18%  Ni)  was  used  to 
join  the  molybdenum  components  together.  A  silver-copper 
over-braze  was  used  to  provide  a  vacuum  seal  for  the  cathode 
and  anode  assemblies  (the  emission-aperture  cap  did  not  need 
the  over-braze).  Before  the  source  was  assembled,  pressure 
tests  at  750  psi  (5.2  MPa)  revealed  no  leaks  in  the  cathode, 
anode,  and  aperture  cap  assemblies.  After  70  hours  of  pulsed 
operation,  the  braze  joints  are  still  intact.  The  cathode 
assembly  must  be  electrically  isolated  from  source  ground  (the 
anode,  emission-aperture  cap,  and  water  system)  in  the  high- 
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Figure  5.  Expected  V<j  and  Id  waveforms. 

temperature  water  loop.  This  is  done  with  KEVLAR™- 
reinforced,  silicone-rubber  hose  assemblies  that  were  specially 
made  for  this  application  by  Preece,  Inc.  of  Irvine,  CA.  We 
have  not  had  any  hose  failures  at  temperature.  The  hose  crimp 
joints  developed  leaks  after  several  thermal  cycles. 
Recrimping  the  hose  connectors  sealed  these  leaks — no  failures 
have  occurred  in  the  recrimped  assemblies. 

A  heater  power  of  9  kW  maintains  the  water  unit,  the 
manifolding,  and  the  source  at  184°C,  leaving  3  kW  to  raise 
the  temperature  further  if  necessary  (200°C  is  the  design 
maximum).  We  add  5  ppm  each  of  NaNC>2  and 
Na2Mo04»2H20  to  the  deionized  water  to  suppress  corrosion 
of  the  molybdenum  components.  We  also  add  30  ppm  of 
NaOH  to  the  deionized  water  to  elevate  the  pH  of  the  water 
from  =6  to  >9  to  prevent  corrosion  of  all  the  materials  that 
contact  the  water:  316L,  304L,  and  316  stainless  steels; 
molybdenum;  copper;  silicone;  teflon;  KALREZ™  and  Parker 
compound  E962  O-rings;  PEEK™  seals  in  the  ball  shut-off 
valves;  and  NiOro  and  silver-copper  brazing  compound. 

Cathode  material  is  worn  away  by  sputtering.  In  our 
pulsed  8X  source  tests,  the  sputtered  molybdenum  occasionally 
bonded  poorly  to  the  anode  and  aperture  cap,  causing  flakes  to 
form  which  degraded  source  performance.  Thus,  erosion  of  the 
cathode  can  present  a  problem  for  long-term,  dc  operation. 
Based  on  the  4X  source  pulsed  operation  data  [10],  we  project 
that  the  erosion  of  the  CW  8X  source  cathode  due  to  sputtering 
will  be  =0.02  mm/h.  Experience  does  not  necessarily  indicate 
a  problem  with  this  level  of  sputtering,  but  long-term  effects 
are  unknown.  The  dc  erosion  rate  may  be  much  less  than  the 
pulsed  rate  because  the  dc  discharge  voltage  is  normally  lower 
than  the  pulsed  voltage.  So  far  in  our  tests,  we  have  im¬ 
measurably  small  erosion  of  the  CW  8X  source  cathode,  and 
the  very-thin  layers  of  sputtered  molybdenum  that  deposited  cm 
the  anode  bonded  securely  (no  flaking  has  been  noted). 

VI.  INITIAL  RESULTS 

Figure  6  shows  the  measured  discharge  voltage  and 
current  waveforms  for  1 -ms-long  arc-pulser  and  4-ms-long  dc- 
power-supply  pulses.  The  source  parameters  for  the 
waveforms  shown  in  Ftg.  6  are  arc  magnetic  field  =  420  G, 


t,  ms 


Figure  6.  Measured  Vj  and  Ij  waveforms  for  a  1 -ms-long  arc- 
pulser  pulse  and  a  4-ms-long  dc -power-supply  pulse. 

pulse  repetition  rate  =  1  Hz,  and  H2  and  N2  gas  flow  =  100 
and  1  seem,  respectively.  The  droop  in  the  arc-pulser-driven 
discharge  current  is  due  to  the  RC  drain  of  the  pulser  capacitor 
bank.  The  droop  in  the  dc  power-supply-driven  current  pulse 
is  the  tum-on  response  of  the  power  supplies;  the  same  shape 
is  measured  when  the  source  arc  is  replaced  with  a  short 

VII  SUMMARY 

The  dc  version  of  the  8X  source  is  installed  on  the  HCTS 
at  Los  Alamos  and  the  arc  tests  have  begun.  The  arc  pulse 
length  will  be  extended  from  6  ms  to  >1  s  before  we  prepare  to 
extract  dc  H"  beam  from  this  source. 
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Abstract 

One  method  of  increasing  the  intensity  of  the 
LAMPF  Proton  Storage  Ring  is  to  use  a  brighter  H‘  ion 
source.  To  develop  such  a  source,  the  performance  of  the 
small  LBL  dipole  filter  and  the  BNL  toroidal  filter  volume 
H'  sources  are  being  investigated.  Results  of  testing  a  new 
high-duty-factor  design  of  the  BNL  toroidal  filter  volume 
source  are  discussed.  Results  of  experiments  to  reduce  the 
electron  to  H'  ratio  and  modulate  the  beam  intensity  in  the 
small  LBL  source  are  presented. 

I.  INTRODUCTION 

The  LAMPF  Proton  Storage  Ring,  PSR,  and 
proposed  new  projects,  such  as  the  National  Center  for 
Neutron  Research,  NCNR,  require  a  high-duty-factor  H~  ion 
source  capable  of  producing  a  35  mA  beam  with  an 
emittance  of  0.04  cm-mrad  at  95%  beam  fraction.  The  LBL 
dipole-filter  [1]  and  the  BNL  toroidal-filter  [2]  volume  H* 
sources  have  both  demonstrated,  at  low  duty  factors  (<1%), 
the  beam  intensity  and  quality  necessary  for  these  facilities. 
A  development  program  to  determine  the  high-duty-factor 
capabilities  of  these  sources  has  been  in  progress  for  (me 
year.  LAMPF  has  operational  experience  and  facilities  to 
evaluate  high-duty  factor  H'  ion  sources. 

Reducing  the  ratio  of  electrons  to  H'  ions  is 
essential  to  minimize  operational  problems  and  maximize  the 
quality  of  the  H*  ion  beam.  Operational  experience  at 
LAMPF  has  shown  that,  at  duty  factors  greater  than  5%, 
impinging  even  a  small  amount  of  electron  beam  on  the 
accelerating  lenses  can  produce  an  arc  down  rate  that  can 
devastate  the  operational  reliability  of  the  source.  Reducing 
the  electron  ratio  at  the  source  is  especially  important  at  high 
duty  factors. 

n.  BNL  TOROIDAL  FILTER  SOURCE 

The  BNL  toroidal  volume  H"  source,  with  its  unique 
conical  shape  magnetic  filter,  has  been  under  study  at  BNL 
since  1988  and  its  performance  is  well  documented  [2].  This 
source  is  very  attractive  for  high-duty-factor  applications 
because  it  produces  H*  beam  in  excess  of  30  mA  with  an 
electron  ratio  of  less  than  5:1.  With  the  assistance  of  Jim 
Alessi  at  BNL,  a  high-duty-factor  version  of  this  source  has 
been  designed  and  constructed.  A  drawing  of  this  source  is 
shown  in  Figure  1.  Extensive  magnetic  field  calculations 
were  performed  using  PE-2D  [3]  to  preserve  the  magnetic- 
cusp  and  filter-field  geometry  while  incorporating  the 
necessary  changes  to  obtain  reliable  high-duty-factor 
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performance.  The  interior  of  the  source  housing  is  stainless 
steel  with  individual  recesses  for  each  magnet  arranged  in 
circular  patterns.  The  outer  housing  is  aluminum  rather  than 
iron  for  maintenance  and  construction  considerations;  the 
PE-2D  calculations  indicated  that  the  major  features  of  the 
magnetic  confinement  and  filter  fields  could  be  maintained 
without  an  iron  return.  The  filament  feedthroughs  are  of  a 
concentrically  cooled  design  that  has  been  used  reliably  in 
the  production  operation  of  our  surface  source  for  10  years. 
The  cylindrical  cavity  at  the  back  of  the  source  makes  it 
possible  to  optimize  the  filter  strength  by  changing  filter 
magnets  without  breaking  vacuum.  The  unique  clamshell 
design  of  the  vacuum  housing  makes  maintenance  of  the 
inside  of  the  source  possible  without  opening  water  passages. 
This  design  also  permits  the  plasma  electrode  position  to  be 
optimized. 


Figure  i.  The  LAMPF  high-duty  factor  version  of 
the  BNL  toroidal  filter  source. 


Fra*  evaluation,  the  new  source  was  installed  in  the 
H’  Cockroft- Walton  dome[4).  To  optimize  the  magnetic 
filter,  different  sizes  and  strengths  of  filter  magnets  were 
tested.  The  polarity  of  the  magnets  was  changed  from 
attracting  (the  filter  magnets  are  opposite  in  polarity  to  the 
innermost  ring  of  cusp  magnets  cm  the  source  front  plate,  as 
in  the  BNL  design)  to  repelling  (the  filter  magnets  are  the 
same  polarity  as  the  cusp  magnets).  A  representative  sample 
of  these  data  is  shown  in  Figure  2.  Unlike  BNL,  for  our 
source  design,  the  performance  of  the  repelling  magnetic 
configuration  is  superior  to  the  attracting  one.  In  this 
configuration,  the  extracted  H*  current  and  electron  ratio  are 
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comparable  to  the  BNL  results.  An  iron  plate  was  added  to 
the  front  of  the  source  and  the  plasma  electrode  was  moved 
to  the  inside  front  edge  of  the  source  to  better  simulate  the 
BNL  design,  but  this  was  detrimental  to  the  source 
performance  for  both  filter  polarities. 
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Figure  2.  H*  current  vs.  electron  ratio  for  attracting 
and  repelling  filter  magnet  configurations  and  filter  strengths. 

For  these  studies,  two  1.5  mm  diameter  tungsten 
filaments  shaped  in  semicircle  loops  with  a  radius  of  6.5  cm 
were  used.  The  performance  of  the  source  depended  on  the 
filament's  heater  current  directions.  The  optimum  heater 
current  pattern  was  different  for  two  filter  polarities.  This 
supports  the  BNL  observation  that  there  is  an  interaction 
between  the  filter  magnetic  field  and  the  local  magnetic 
fields  produced  by  the  filaments. 

Plasma  electrode  positions  beginning  at  the  inner 
front  face  of  the  source  and  spacing  outward  1.0, 1.5,  and  2.0 
cm  were  studied.  Over  this  range,  the  H*  current  only  varied 
10%,  but  electron  ratio  increased  a  factor  of  5  as  the  plasma 
electrode  was  moved  away  from  the  source.  However,  the 
extraction  optics  are  more  difficult  when  the  plasma  electrode 
is  more  reentrant. 

The  plasma  aperture  was  opened  to  0.4  cm2.  The  H* 
current  and  electron  ratio  as  a  function  of  arc  current  are 
plotted  in  Figure  3.  The  pulse  length  was  800  psec.  Data 
taken  at  4,  60,  and  120  Hz  showed  no  dependence  on  duty 
factor.  The  H*  current  and  electron  ratio  produced  after 
cesium  is  added  to  the  source  are  also  plotted  in  this  figure. 
Without  cesium,  the  source  produces  an  8  mA  beam,  which 
corresponds  to  20  mA/cm2  with  an  electron  ratio  of  5:1. 
When  cesium  was  added  to  the  discharge,  the  H"  current 
increased  to  40  mA/cm2  with  an  electron  ratio  of  2:1. 


Figure  3.  H'  current  and  electron  ratio  vs.  arc 
current  with  and  without  cesium. 

The  emittance  was  roeas'ued  using  a  slit  and 
collector  emittance  station  1.5  meters  from  the  source.  For 
arc  currents  of  50  to  150  A,  the  95%  values  of  the  emittance 
are  plotted  in  Figure  4.  This  shows  that  the  emittance 
increases  almost  linearly  with  arc  current  The  reason  for 
this  increase  is  not  understood,  but  the  beam  emittance  did 
not  appear  to  be  increased  by  aberrations.  The  emittance  of 
an  8  mA  beam  with  cesium  at  100  A  of  arc  current  is  also 
plotted.  We  were  unable  to  measure  the  emittance  of  the  40 
mA/cm2  beam  because  the  high-voltage  electrode  spacing  was 
inadequate  to  transput  a  beam  of  this  density 
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HI.  SMALL  LBL  VOLUME  SOURCE 

The  small  LBL  volume  H'  source  also  has  very 
impressive  performance  at  low-duty  factor.  The  2  MHz  rf 
driven  version  of  this  source  has  produced  currents  greater 
than  40  mA  without  cesium  at  a  1%  duty  factorfl].  However, 
reducing  the  electron  ratio  of  this  source  would  enhance  its 
reliability  for  high-duty  operation.  Studies  have  shown  that 
using  a  plasma  electrode  aperture  with  an  aspect  ratio 
(aperture  diameter/thickness)  of  one  greatly  increases  the 
ability  to  reduce  the  electron  ratio  by  biasing  the  plasma 
electrode.  This  technique  reduces  the  electron  current  by  a 
factor  of  10  while  reducing  the  H*  current  by  only  a  factor  of 
2.  The  effects  of  magnetic  filter  strength,  plasma  electrode 
spacing  from  the  filter,  and  the  use  of  a  collar  have  also  been 
studied.  These  studies  have  revealed  the  effect  of  electron 
ratio  on  the  beam  emittance.  Figure  5  shows  how  the  beam 
brightness  increases  as  the  electron  ratio  is  reduced.  For  the 
240  A  case,  when  the  electron  ratio  was  reduced  by  a  factor  of 
7,  the  beam  brightness  increased  by  a  factor  erf  5  while  the  H* 
current  only  decreased  25%.  Using  a  combination  of  these 
techniques,  we  have  measured  current  densities  in  excess  of 
35  mA/cm2  with  a  normalized  emittance  of  0.03  cm-mrad  at 
95%  beam  fraction  and  an  electron  ratio  of  less  than  5:1 
without  cesium.  To  study  the  high-duty-factor  performance 
of  this  source,  a  2  MHz,  100  kW  rf  drive  capable  of  10%  duty 
operation  has  been  ordered. 


Figure  5.  Beam  brightness  vs.  electron  ratio  at 
different  arc  currents. 

IV.  BEAM  MODULATION 

Neutron  spallation  sources  such  as  PSR  require  100 
to  200  ns  gaps  in  the  beam  for  extraction  purposes.  Designs 
of  the  NCNR  accelerator  propose  this  chopping  at  energies  of 
approximately  100  keV.  Calculations  indicate  that  space- 
charge  effects  will  make  this  process  very  difficult 


Modulating  the  beam  intensity  at  the  source  with  rise  and  fall 
times  of  100  ns  or  less  would  make  final  beam  chopping 
easier  by  reducing  the  space-charge  effects.  This  capability 
would  also  be  useful  at  accelerators  such  as  SSC  where  beam 
pulses  with  sharp  rise  and  fall  times  are  desired. 

Our  studies  show  that  the  beam  intensity  of  the  small 
LBL  Volume  H‘  source  can  be  modulated  by  biasing  the 
plasma  electrode.  The  geometry  of  the  plasma  electrode  is 
very  important  to  this  process.  For  these  tests,  a  collarfl]  and 
plasma  electrode  aperture  that  is  3  mm  in  diameter  and  3  mm 
thick  were  biased  at  the  same  potential  with  respect  to  the 
source  housing.  The  tests  showed  that,  with  an  arc  current  of 
150  A,  90%  of  the  extracted  beam  current  could  be 
suppressed  if  the  plasma  electrode  was  biased  at  -150  or  +40 
volts.  Using  a  simple  Hexfet  modulator  circuit,  the  plasma 
electrode  can  be  pulsed  to  -150  volts  in  approximately  100  ns. 
The  time  response  of  the  beam  intensity  was  measured  to 
exactly  correspond  to  the  applied  voltage.  This  result  proves 
that  the  plasma  response  is  adequate  to  modulate  the  beam 
intensity  at  the  source  with  a  beam  tum-off  time  of  100  ns. 
The  plasma  electrode  discharge  time  and  beam  turn-on  time 
of  100  ns  were  also  been  measured.  Developing  a  voltage 
modulator  with  faster  response  that  operates  reliably  floating 
at  80  kV  has  proven  to  be  quite  challenging.  We  hope  to 
determine  the  time  response  limit  of  the  beam-intensity 
modulation.  We  are  also  studying  the  geometry  dependence 
of  the  beam  modulation. 

V.  CONCLUSION 

Both  types  of  volume  H'  sources  show  the  potential 
of  providing  the  brighter  beams  required  far  PSR  and  NCNR. 
If  the  toroidal  filter  source  beam  intensity  continues  to  scale 
with  plasma  aperture,  it  will  provide  adequate  beam  current 
with  small  electron  ratio.  If  the  techniques  to  reduce  electron 
ratio  work  as  well  for  the  rf  driven  source  as  for  the  filament 
source,  it  will  also  produce  adequate  beams.  Modulating  the 
beam  intensity  at  the  source  on  a  time  scale  of  less  than  100 
ns  has  numerous  applications. 
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Abstract 

The  Ion  Source  Test  and  Development  Group  at  Brook¬ 
haven  National  Laboratory’s  Tandem  Van  de  Graaff  Facility 
has  been  evaluating  the  Peabody  Scientific  [1]  PSX-120 
negative  ion  cesium  sputter  source  for  use  as  the  source  of 
pulsed  negative  ion  beams  for  injection  of  the  Brookhaven 
synchrotrons.  The  decrease  in  emittance  due  to  the  use  of  a 
spherical  ionizer,  as  recently  reported  [2],  may  lead  to  im¬ 
proved  brightness  of  the  beam  injected  into  the  MP  Tandem 
resulting  in  improved  beam  output.  Emittance  measurements 
with  the  PSX-120  are  presented  for  dc  beams  and  some  of  the 
first  pulsed  beam  results  are  also  discussed. 

I.  INTRODUCTION 

The  two  MP  Tandem  Accelerators  at  Brookhaven  National 
Laboratory  are,  at  present,  the  only  devices  [3-5]  that  can 
satisfy  the  requirements  for  injection  of  heavy  ions  into  the 
AGS  and  will  be  used  when  the  Relativistic  Heavy  Ion 
Collider,  RHIC,  now  under  construction  comes  on  line.  With 
the  commissioning  of  the  BOOSTER  in  1992,  the  mode  of 
operation  of  the  Tandems  has  permanently  changed  from  a 
three  stage  mode  of  operation  [6]  using  both  MP  Tandem 
Accelerators  to  a  two  stage  mode  that  uses  only  one  of  the 
MPs.  This  changes  the  conditions  under  which  the  ion  sources 
can  be  run.  In  addition,  although  the  current  ion  sources 
provide  adequate  intensities  of  negative  ions  for  the  Heavy  Ion 
Physics  Program,  increased  intensity  and  lower  emittance 
from  the  ion  source  will  enhance  the  program,  providing  a 
wider  range  of  operating  conditions  and  a  greater  margin  for 
less  than  optimum  performance. 

n.  MULTIWIRE  BEAM  PROFILE  MONITORS 

The  emittance  measurements  taken  on  the  test  bench  were 
a  first  approximation  but  nonetheless  a  valid  and  reasonable 
representation  based  on  the  profiles  of  the  beams.  Two 
multiwire  beam  profile  monitors  or  harps  were  constructed 
using  14  -  0.040’  stainless  steel  rods  set  on  0.200”  centers,  in 
both  the  vertical  and  horizontal  planes  contained  in  a  3.5" 
square  frame  of  Macor®.  The  two  harps  are  located  at 
distances  of  1.21m  and  2.78m  from  the  center  of  an  Einzel 
lens  (Ortec  Model  345  Gridded  Einzel  Lens  [7])  which  is 
approximately  0.6m  from  the  extraction  electrode  of  the 
source.  Current  measurements  were  made  in  the  ’source’  cup 
located  0.3m  from  the  extraction  electrode  of  the  source  and 
in  the  ’object’  cup  located  0.2m  before  the  downstream  harp. 
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The  signals  from  the  wires  are  fed  into  a  standard 
HITL/AGS  instrumentation  package  [8]  for  processing  and 
display  on  an  oscilloscope.  These  electronics  are  capable  of 
reading  all  four  sets  of  fourteen  wires  but  sampling  was 
usually  done  in  the  horizontal  plane  on  one  harp  at  a  time. 

The  observed  profile  of  positive  currents  for  the  negative 
ion  beam  is  due  to  the  secondary  electron  emission  from  those 
wires  that  intercept  the  ion  beam  superimposed  onto  the 
profile  of  the  electrons  picked  up  as  ’cross-talk’  from  one  wire 
to  the  adjacent  ones. 

The  cross-talk  of  emitted  electrons  tends  to  skew  the  rela¬ 
tive  currents  from  one  wire  to  the  next  and  needs  to  be  elimi¬ 
nated  or  at  least  greatly  reduced.  Studies  [9]  show  that  the 
majority  of  these  secondary  electrons  have  kinetic  energies  of 
less  than  50  eV.  The  most  prominent  peak  in  the  energy 
spectrum  of  the  secondary  electrons  being  the  ’slow’  peak, 
which  occurs  at  very  low  energies,  less  than  6  eV. 

The  method  of  reducing  the  cross-talk  uses  both  planes  of 
wires  on  the  harp,  one  to  measure  the  current  and  one  to 
apply  a  bias  voltage.  The  upstream  plane  of  wires  was 
positively  biased  and  the  current  measured  on  the  downstream 
plane  of  wires.  The  electron  cross-talk  is  not  altogether 
eliminated  but  is  greatly  reduced  with  a  positive  bias  of  20 
Volts.  Modeling  the  harps  with  SIMION  [10],  an  electrostatic 
lens  analysis  code,  shows  that  the  small  number  of  electrons 
still  being  picked  up  are  those  that  are  emitted  from  the 
outermost  edges  of  the  wires. 

IV.  EMITTANCE  MEASUREMENTS 

Emittance  as  used  in  this  paper  is  defined  as  xe  which  is 
the  area  of  the  phase  ellipse.  Values  quoted  are  for  the 
normalized  emittance  given  by  xeEl/2  with  units  of  mm  mrad 
MeVl/2  where  E  is  the  energy  of  the  ion  beam  in  MeV. 

The  formula  used  to  obtain  a  value  for  the  emittance  can 
be  derived  from  the  transport  matrices  using  a  lens  followed 
by  a  drift  region  [11].  The  one  used  for  these  emittance  cal¬ 
culations  is  given  by: 

e  =  OWrL,))  V(WW-W) 

This  formula  computes  the  emittance  using  the  half  widths 
of  the  beam  profiles  on  the  two  harps,  W,  (upstream  harp)  and 
W2  (downstream  harp)  and  the  distances  of  the  harps  from  the 
center  of  the  Einzel  lens,  L,  and  Lj.  This  formula  is  derived 
for  a  configuration  where  there  is  a  minimum  spot  size  (not  a 
waist)  on  the  second  harp. 

The  procedure  was  to  minimize  the  beam  on  the  down- 
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stream  harp,  record  the  profile,  read  the  current  on  the  object 
cup,  put  in  the  upstream  harp  without  any  adjustments  of  pa¬ 
rameters  and  record  its  profile,  then  read  the  current  on  the 
source  cup.  The  data  was  then  fit  to  a  Gaussian  distribution 
where  the  standard  deviation  was  determined.  The  half  width 
used  in  the  formula  is  obtained  from  80%  of  the  beam  profile. 

Several  sets  of  data  were  taken  on  the  test  bench  using  the 
PSX-120  with  the  helical  and  spherical  ionizers  for  gold  and 
a  few  for  silicon. 


Figure  1 .  Emittance  Measurements  for  the  Helical  Ionizer. 


Figure  2.  Emittance  Measurements  for  the  Spherical  Ionizer. 

In  Figures  1.  and  2.  above,  the  data  for  the  normalized 
emittance  of  the  gold  beams  using  the  helical  and  spherical 
ionizers  is  shown.  The  energy  of  the  extracted  ions  was  30  kV 
with  cesium  accelerating  voltages  of  3.8  -  10  kV.  The  spread 
in  the  data  is  representative  of  the  difficulty  in  determining  the 
emittance  by  this  method.  These  difficulties  are  due  to  1) 
moderate  resolution  on  the  harps  from  the  diameter  and 
spacings  of  the  wires,  2)  the  deviation  of  the  beam  from  a 
purely  gaussian  shape,  and  3)  measuring  emittance  of  a  beam 
before  mass  analyzing  (only  trace  amounts  of  elements  other 
than  gold  but  Au2'  and  Au3'  each  have  an  intensity  of  up  to 
10%  of  that  of  die  Au'  beam).  In  addition,  the  secondary 
electron  emission  coefficient  of  each  wire  can  change  as  the 
wires  are  coated  by  the  ion  beam. 

The  normalized  emittance  as  measured  with  both  ionizers 
can  be  seen  to  increase  with  intensity.  A  quadratic  line  was  fit 
to  the  data  points  using  a  least  squares  program.  The  emit¬ 
tance  growth  is  a  result  of  the  increase  in  space  charge  forces 
but  the  form  of  this  dependence  is  not  straight  forward  [12] 
and  will  be  addressed  in  a  later  paper. 


If  we  compare  the  two  graphs  we  can  conclude  that  the 
emittance  of  the  gold  beams  with  the  spherical  ionizer  is  4S% 
of  that  with  the  helical  ionizer  at  lower  intensities,  but 
gradually  increases  to  75%  over  the  range  of  intensity  shown. 
A  few  measurements  of  30  kV  Si'  beams  with  both  ionizers 
have  also  been  made  over  the  same  range.  These  data  average, 
for  80%  of  the  beam,  to  about  3.5*  mm  mrad  MeVl/2  for  the 
spherical  ionizer  and  8.2ir  mm  mrad  MeVl,:!  for  the  helical 
ionizer.  The  number  of  measurements  are  too  few  to  deter¬ 
mine  how  the  emittance  grows  but  is  definitely  less  than  that 
for  gold.  This  is  consistent  with  space  charge  arguments  for 
lower  vs.  higher  mass  ion  beams. 

m.  PULSED  BEAMS 

Most  of  the  data  taken  on  the  test  bench  and  at  the 
Negative  Ion  Injector  of  the  Tandem  has  been  for  the  dc 
mode.  A  15  kV,  500  /xsec  pulser  was  built,  tested  and  added 
to  the  test  bench  in  November  1992. 

The  PSX-120  with  the  spherical  ionizer  was  run  in  the 
pulsed  mode  with  a  gold  target.  Although  in-depth  studies 
have  not  yet  been  done,  some  initial  results  and  observations 
deserve  mention.  The  procedure  was  to  characterize  the  pulses 
in  the  source  and  object  cups  while  working  toward  improved 
transmission  to  the  object  cup. 

The  input  to  the  pulser  is  usually  a  500  psec  square  pulse 
at  a  repetition  rate  of  2  Hz.  This  high  voltage  pulser  is  capable 
of  producing  up  to  a  15  kV,  500  #tsec  pulse  or  an  equivalent 
voltage-time  combination.  The  output  voltage  from  the  pulser 
has  a  30  psec  rise  time  and  a  60  /isec  fall  time.  In  addition, 
there  is  an  initial  6%  overshoot  with  a  settling  time  of  110 
nsec. 


Photo  1 .  920  /iA  Pulse  as  seen  in  the  Source  Cup. 

Photo  1 .  above,  taken  from  the  oscilloscope  display  shows 
a  920  /<A,  500  /<sec  negative  gold  beam  pulse  observed  at  the 
source  cup  close  to  the  source.  The  extraction  voltage  was  35 
kV  and  the  cesium  acceleration  voltage  was  pulsed  to  10  kV 
from  a  base  of  600  VDC.  Part  of  the  apparent  beam  pulse 
overshoot  is  due  to  electrical  cross-talk  but  otherwise  the  rise 
and  fall  times  are  similar  to  the  ones  of  the  high  voltage 
cesium  acceleration  pulse.  The  other  feature  that  distinguishes 
the  source  cup  pulse  from  the  HV  source  pulse  is  that  the 
intensity  falls  off  from  the  max  of  920  jtA  to  about  840  /*A. 
This,  it  is  believed,  is  due  to  the  change  in  cesium  and/or 
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V.  FUTURE  PLANS 


target  conditions  during  the  pulse.  It  remains  to  be  studied  if 
this  can  be  compensated  for  by  adjusting  the  trace  voltage, 
heating  the  cesium  boiler  or  some  combination  of  both. 

The  920  pA  pulse  was  sent  down  the  line  through  the 


Clearly  there  is  a  need  for  further  in-depth  studies  of  the 
source  with  pulsed  beams.  More  time  needs  to  be  devoted  to 
learning  about  space  charge  neutralization  and  improving 
transmission.  There  should  be  a  complete  study  of  emittance 
measurements  for  gold  at  various  extraction  energies  and 
pulser  voltages.  These  should  be  made  with  both  the  spherical 
and  helical  ionizers  using  harps  with  greater  resolution  and 
some  computer  assistance. 
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Photo  2.  Object  Cup  Pulse  showing  Time-Dependent  Space 
Charge  Effects. 

Einzel  lens  to  the  object  cup.  Photo  2.,  above,  shows  what 
was  seen  at  the  object  cup  overlaid  on  the  pulse  from  the 
source  cup.  This  pulse  rises  from  100  fiA  up  to  about  375  pA 
and  would  probably  continue  to  rise  if  the  pulse  width  was 
longer.  The  slow  increase  in  the  intensity  suggested  a  process 
that  was  occurring  during  the  pulse.  Space  charge  neutraliza¬ 
tion  was  the  suspected  process.  Since  vacuums  are  usually  in 
the  lfr7  through  the  10-6  Torr  range  space  charge  neutral¬ 
ization  might  be  enhanced  if  one  or  more  of  the  cryopumps  on 
the  beam  line  was  closed  off.  After  trying  a  few  combinations, 
the  best  results  were  produced  when  the  cryopump  0.2m 
downstream  of  the  source  (at  the  source  cup)  was  closed  off. 
The  difference  in  vacuum  at  the  source  cup  went  from  3  x  10-6 
Torr  with  the  cryopump  opened  to  3  x  lfr5  Torr  with  it 


Photo  3.  Object  Cup  Pulse  with  Enhanced  Space  Charge 
Neutralization. 

closed.  This  translated  to  the  object  cup  where  the  vacuum 
went  from  5  x  10"6  Torr  (opened)  to  9  x  lfr6  Torr  (closed). 
The  results  are  shown  in  Photo  3.  where  the  object  cup  pulse 
is  overlaid  on  the  920  pA  source  cup  pulse.  As  can  be  seen  in 
this  photo  the  intensity  rises  to  500  pA,  where  it  is  sustained 
for  300  /isec.  The  rise  time  is  roughly  120  psec  which  is 
comparable  to  that  seen  on  the  low  energy  faraday  cup  at  the 
entrance  to  the  MP-7  Tandem  accelerator. 
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(abstract) 

Acceleration  of  polarized  deuterons  in  the  KEK  12-GeV 
proton  synchrotron  is  under  discussion.  To  get  a  highly  vec¬ 
tor  polarized  deuteron  beam,  a  new  type  of  optically  pumped 
polarized  ion  source  (OPPIS)  with  dual  optical  pumping  has 
been  developed.  In  the  preliminary  experiment,  we  found 
that  the  dual-pumped  polarized  scheme  had  a  large  potential  to 
generate  highly  nuclear-spin  polarized  negative  deuterium 
ions. 

I.  INTRODUCTION 

Polarized  protons  have  been  successfully  accelerated  in 
the  KEK  12-GeV  proton  synchrotron  (KEK-PS)  since  1985. 
Many  experiments  have  been  carried  out  with  polarized  proton 
beams  so  far.  Recently,  several  proposals  for  the  physics  ex¬ 
periments  with  polarized  deuteron  beams  in  the  KEK-PS  are 
under  discussion. 

An  ordinary  deuteron  beam  was  successfully  acceler¬ 
ated  to  an  energy  of  I  I.2GeV  (5.6GeV/u)  in  the  KEK-PS,  the 
limiting  energy  of  the  ring,  in  1992.  [1]  The  beam  intensity  of 
the  accelerated  deuterons  reached  more  than  2  x  10 12  ppp  which 
was  almost  the  same  as  that  for  protons.  Acceleration  of  po¬ 
larized  deuterons  in  the  synchrotron  is  rather  easier  than  that  of 
polarized  protons.  Since  the  anomalous  magnetic  moment  (G) 
of  the  deuteron  is  -0.1426,  which  is  10  times  less  than  that  of  the 
proton,  the  number  of  depolarization  resonances  that  are 
caused  by  the  betatron  motions  of  the  beam  and  imperfection  of 
the  ring  are  quite  few  during  the  acceleration  of  polarized  deu¬ 
terons  in  the  synchrotron  compared  with  polarized  protons. 

As  for  polarized  ion  source,  an  optically  pumped  polar¬ 
ized  ion  source(OPPIS)  has  been  used  for  generating  nuclear- 
spin  polarized  negative  hydrogen  ions  so  far.  It  has  been 
believed  that  this  type  of  polarized  ion  source  is  not  useful  to 
produce  a  highly  nuclear-spin  polarized( vector  and  tensor)  deu¬ 
terium  ions.  In  this  paper,  we  report  the  preliminary  experi¬ 
mental  results  which  showed  that  the  highly  vetor  polarized 
negative  deuterium  ions  could  be  produced  by  OPPIS  with 
dual-optically-pumped  technique. 

II.  OPPIS  FOR  DEUTERONS 

An  OPPIS  has  been  used  for  acceleration  of  polarized 
proton  beams  in  the  KEK-PS  until  now.  The  idea  of  this  type 
of  polarized  ion  source  was  proposed  by  Anderson[2]  and  the 
fust  operational  ion  source  has  been  successfully  developed  at 
KEK.  [3]  Afterwards,  various  institutes  have  developed  the 
OPPIS  for  their  accelerators.  [4][5][6] 


In  Fig.l,  a  block  diagram  of  the  dual-optically-pumped 
polarized  ion  source  is  shown  schematically.  An  energetic 
electron-spin  polarized  hydrogen  beam  is  generated  via  pickup 
of  a  polarized  electron  by  a  proton  beam  of  a  few  keV  in  an 
optically  pumped  alkali  vapor.  Then  the  atomic  polarization  of 
the  hydrogen  beam  is  transformed  into  nuclear  polarization  by  a 
diabatic  transition  between  hyperfme  sub-levels  (Sona  transi¬ 
tion).  Finally,  the  nuclear-spin  polarized  hydrogen  beam  is 
ionized. 

Although  OPPIS  is  very  useful  to  generate  polarized 
protons,  it  has  been  thought  that  OPPIS  is  inadequate  for  mak¬ 
ing  highly  polarized  deuterons.  In  deuterium  atoms,  because 
the  nuclear  spin,  1=1,  three  hyperfme  sub-levels  (^=+1,0, -1) 
exist.  High  polarization  can  not  be  expected  if  only  a  Sona 
transition  is  used  because  of  the  Iz=0  state.  The  theoretical 
maximum  polarizations,  in  this  case,  are  +-2/3  for  vector  polar¬ 
ization  (Pz)  and  -1/3  for  tensor  polarization  (Pn). 

To  achieve  a  high  polarization,  a  new  scheme  which 
selects  a  pure  nuclear-spin  state  is  necessary.  In  1988, 
Schneider  and  Clegg[7]  proposed  a  new  nuclear-spin  state  se¬ 
lection  scheme.  Their  idea  is  as  follows:  After  picking  up  the 
polarized  electrons  from  optically  pumped  alkali  atoms,  deute¬ 
rium  atoms  are  electron-spin  polarized,  for  example,  in  the  state 
of  mj  =+1/2  as  shown  in  Fig.2.  These  electron-spin  polarized 
deuterium  atoms  equally  populate  three  hyperfine  sub-levels 
It=+1, 0,  and  -1  in  a  high  magnetic  field,  which  are  labeled  the 
states  1 , 2,  and  3,  respectively  in  Fig.2.  Using  the  Sona  transi¬ 
tion,  the  state  1  (m  =+1/2, 12=+l)  goes  to  the  state  1’  (nv  =-1/2, 
I,=-l),  the  state  2  (nv  =+1/2,  It=0)  goes  to  the  state  2'  (nv  =+1/ 
2,Ia=-l),  and  the  state  3  goes  to  the  state  3'  (nv  =+1/2,  It=0), 
respectively  as  shown  in  Fig.2.  Therefore,  the  deuterium  at¬ 
oms  with  only  the  hyperfine  level  of  It=-1  (state  T  in  Fig.  2)  has 
an  opposite  electron-spin  state,  nv  =-1/2,  of  the  other  two  sub- 
levels  (2'  and  3*)  after  Sona  transition.  When  the  alkali  atoms 
in  the  ionizer  are  also  optically  pumped  and  their  electrons  are 
to  be  spin  polarized  in  the  nv  =+1/2  state,  only  deuterium  atoms 
with  the  electron-spin  state  of  m  =-1/2  (  state  1' )  can  form 
negative  ions  because  of  the  Fault  exclusion  principle.  This 
process  is  shown  in  Fig.3  schematically.  The  nuclear-spin 
state  of  the  negative  deuterium  ions  in  this  case  is  ^=-1,  the 
nuclear  vector  polarization  becomes  -1.  The  nuclear  tensor 
polarization  is,  in  this  case,  -1.  Using  a  proper  rf  transition 
simultaneously,  a  pure  nuclear  tensor  polarization  of  -2  may 
become  possible. 

In  spite  of  this  possibility  of  making  a  highly  polarized 
deuteron  beam  by  optical  pumping,  they  concluded  eventually 
in  their  paper  that  this  dual  optical  pumping  scheme  might  be 
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Fig.l  Block  diagram  of  the  dual-optically-pumped  polarized  ion 
source. 

not  practical  because  efficient  optical  pumping  of  the  thick  tar¬ 
get  in  the  ionizer  is  difficult  due  to  radiation  trapping.  Radia¬ 
tion  trapping  is  a  re-absorption  process  of  flourescense  photons 
in  optical  pumping  and  it  limits  the  maximum  polarization  of 
the  pumped  atoms.  However,  their  conclusion  was  qualitative 
and  they  did  not  estimate  quantitatively  the  effect  of  radiation 
trapping.  Recently,  we  have  re-examined  the  dual-pumped 
scheme  in  detail  and  found  that  radiation  trapping  was  not  a 


serious  problem  and  highly  polarized  deuterons  could  be  ob¬ 
tained  with  the  dual-pumped  scheme.  [8] 

Recently,  a  preliminary  experiment  for  proving  the  prin¬ 
ciple  of  the  dual-pumped  scheme  has  been  earned  out  at  KEK. 
The  result  of  the  experiment  is  shown  in  Fig.  4.  The  vertical 
axis  in  the  figure  presents  the  nuclear  vector  polarization  of 
negative  deuterium  ions.  The  horizontal  axis  shows  the  rela¬ 
tive  change  of  the  beam  intensity  of  the  negative  deuterium  ions 
by  switching  the  optical  pumping  of  the  alkali  atoms  in  the  ion¬ 
izer  on  and  off.  Deuterium  atoms  in  only  one  hyperfine  sub- 
level  can  become  negative  deuterium  ions  by  picking  up  polar¬ 
ized  electrons  from  the  optically  pumped  alkali  atoms  in  the 
ionizer.  Thus,  the  beam  intensity  of  negative  deuterium  ions 
depends  upon  the  population  of  deuterium  atoms  in  each  hyper¬ 
fine  sub-level  after  the  Sona  transition.  This  means  that  the 
deuteron  vector  polarization  (P^  and  the  electron-spin  polar¬ 
ization  of  optically  pumped  alkali  atoms  in  the  ionizer(P10N2) 
affect  the  beam  intensity  of  negative  deuterium  ions.  These 
values  are  related  each  other  as  expressed  in  the  following 
equation. 


P^-^/P^l-e).  (2) 

Here,  e  =  (Io(r-1„)/Io(r.  where  Ion  and  1^  are  the  beam  intensities 
of  negative  deuterium  ions  when  the  optical  pumping  of  the  al¬ 
kali  atoms  in  the  ionizer  is  turned  off  and  on,  respectively.  The 
solid  line  in  Fig.4  presents  the  relation  between  PD  and  E  when 
*  1  •  The  closed  circle  in  the  figure  shows  the  experi¬ 

mental  result.  The  electron-spin  polarization  of  alkali  atoms 


Fig.2  Hyperfine  sublevels  of  deuterium  atom  in  Sona 
transition. 


Fig.  3  Principle  of  dual-pumped  polarized  negative  deu¬ 
terium  ion  source. 
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Fig.4  Relation  between  PD  and  e  when  P,^  =  1 .  The  closed  circle 
in  the  figure  shows  the  experimental  result. 


in  the  ionizer  (P10(jZ)  was  measured  using  a  Faraday  rotation 
method.  The  errors  shown  in  the  figure  present  the  fluctua¬ 
tions  of  the  data  taken  at  different  times. 

In  the  preliminary  experiment,  we  obtained  PD=  -0.55  +- 
0.04.  In  the  present  apparatus  where  the  magnetic  field 
strength  at  the  neutralizer  is  1.1T,  the  theoretical  maximum  po¬ 
larization  is  limited  to  less  than  80%.  This  is  because  the  spin- 
orbit  coupling  in  neutral  deuterium  atoms,  created  by  picking 
up  polarized  electrons  from  the  optically  pumped  alkali  atoms 
in  the  neutralizer,  reduces  the  electron-spin  polarization  at  this 
magnetic  field  strength.  Thus,  the  obtained  deuteron-spin 
polarization  was  almost  70  %  of  the  maximum  limiting  value. 
This  is  very  encouraging  and  it  may  be  said  that  the  dual-opti- 
cally  pumped  scheme  for  producing  highly  polarized  negative 
deuterium  ions  has  worked  in  principle. 

in.  CONCLUSION 

A  new  dual-optically-pumped  scheme  to  obtain  a  high 
deuteron-spin  polarization  in  an  optically  pumped  polarized  ion 
source  has  been  examined  in  detail.  The  results  of  the  prelimi¬ 
nary  experiment  are  very  encouraging  and  it  is  shown  that  the 
new  scheme,  in  principle,  has  worked.  It  was  previousy 
thought  that  the  optically  pumped  polarized  ion  source  was  not 
useful  for  producing  highly  polarized  deuterons.  Our  results 
may  open  up  a  new  possibilities  for  the  optically  pumped  polar¬ 
ized  ion  sources. 

There  seems  to  be  no  fundamental  problem  for  polarized 
deuteron  acceleration  in  the  KEK-PS. 

The  authors  would  like  to  appreciate  Profs.  M.Kihara, 
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THE  IUCF  HIGH  INTENSITY  POLARIZED  ION  SOURCE  PROJECT 

M.  Wedekind,  R.  Brown,  V.  Derenchuk,  D.  Friesel,  J.  Hicks,  P.  Schwandt 


Abstract 

The  IUCF  high  intensity  polarized  ion  source  has  been 
completed  and  installed  in  the  600  kV  terminal.  The  design  is 
based  on  the  source  in  operation  at  TUNL,  which  employs 
cold  (-30  K)  atomic  beam  technology  and  an  electron 
cyclotron  resonance  ionizer.  It  is  expected  to  produce  lOOpA 
DC  1/  and  D*  ion  beams  with  a  polarization  of  75%  or 
greater.  Coupled  with  a  wideband  mid  resonant  bunching 
system  and  a  high  transmission  beam  line  into  the  injector 
cyclotron,  the  source  should  allow  1010  protons  to  be  stored  in 
the  Electron  Cooled  Storage  Ring  in  a  few  seconds.  Results 
from  source  development  and  project  status  will  be  described. 

I.  INTRODUCTION 

To  further  enhance  the  unique  opportunities  in  spin 
physics  research  using  the  Cooler  ring,  circulating  beam 
intensities  of  1016  particles/sec  are  required  because  internal 
polarized  target  densities  and/or  reaction  cross  sections  are 
very  low. 

In  order  to  meet  these  experimental  requirements,  a  high 
intensity  source  of  polarized  ions,  coupled  with  a  high 
efficiency  bunching  system  and  high  transmission  beam  line1 
to  the  injector  cyclotron,  should  allow  1010  protons  to  be  stored 
in  the  Cooler  ring  in  a  few  seconds. 

The  design  for  the  high  intensity  polarized  ion  source 
(HIPIOS)  was  based  on  the  source  at  T1JNL\  developed  by 
Tom  Clegg  and  associates,  which  utilizes  cold  (30  K)  atomic 
beam  technology  and  an  electron  cyclotron  ionizer  (ECR). 

HIPIOS  deviates  from  the  TUNL  configuration  in  three 
significant  ways:  the  first  sextupole  is  50%  longer  to  provide 
stronger  focussing,  the  cesium  charge  exchange  canal  is 
replaced  by  a  gridded,  single-gap  RF  buncher  with  a  ramp 
waveform,  and  ion  beam  extraction  from  the  source  is 
achieved  by  raising  the  internal  structure  of  the  ECR  ionizer  to 
20  kV  potential.  The  latter  was  dictated  by  the  necessity  of 
operating  the  source  assembly  at  local  ground  potential  in  the 
600  kV  terminal  and  has  significantly  complicated  the  design. 

HIPIOS  was  initially  built  and  tested  off-line,  the  results 
of  which  are  described  in  the  1992  Cyclotron  Conference 
Proceedings3.  The  source  has  since  been  installed  in  the  high 
voltage  terminal  with  modifications  based  on  the  knowledge 
gained  from  initial  testing.  The  improvements  achieved  with 
those  modifications,  and  the  current  status  of  the  entire  project 
are  described  here. 
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II.  HIPIOS  OPERATION 

A.  Atomic  Beam  Development 

During  initial  testing  of  the  ECR  it  was  noticed  that  the 
beam  intensity  from  the  dissociator  drops  by  a  factor  of  two 
during  the  first  few  hours  of  operation.  The  drop  in  atomic 
beam  intensity  with  time  is  due  to  the  coating  of  the  cold 
nozzle  with  a  white  powdery  substance  analyzed  to  be  Si02. 
Discussions  with  other  groups  that  have  had  long-term 
operating  experience  with  RF  dissociators  led  us  to  conclude 
that  the  powder  accumulation  was  directly  correlated  with  the 
time  integral  of  the  RF  discharge  power,  and  therefore  the 
temperature  of  the  dissociator  tube  during  dissociation. 

Several  design  modifications  were  made  to  the 
dissociator  in  order  to  address  this  problem:  a  -20°C  closed 
loop  alcohol  cooling  system  was  installed  in  place  of  the 
water  cooling  system,  the  dissociator  tube  was  modified  to 
provide  cooling  within  1  cm  of  the  accommodator,  and  the 
N2  buffer  gas  which  prevents  recombination  in  the  cold 
nozzle  is  mixed  with  the  Il2  upstream  of  the  dissociator, 
rather  than  being  introduced  directly  into  the  accommodator. 
The  dissociator  now  runs  stably  without  any  powder 
formation  with  the  following  operating  conditions:  25  SCCM 
Hj,  .030  SCCM  N2,  33.5  K  nozzle  temperature,  -10°  C 
alcohol  return  temperature  and  100  W  RF  power  (with  23  W 
reflected).  We  have  consistently  measured  an  atomic  beam 
intensity  of  2.0  x  1016  atoms/sec  with  a  density  of  3.3  x  10" 
atoms/cm3.  New  development  projects  include  mixing  02 
with  the  hydrogen  to  further  increase  the  beam  intensity,  and 
a  modification  to  cool  the  downstream  end  of  the  dissociator 
tube  to  100  K  since  the  rate  of  recombination  reaches  a 
minimum  at  that  temperature. 

A  collaboration  between  IUCF  and  Dr.  Alexander  Belov 
from  the  INR,  Moscow  has  resulted  in  the  construction  of  a 
time-of-flight  mass  spectrometer  which  will  be  installed 
immediately  upstream  of  the  ECR  to  measure  die  dissociated 
fraction  of  the  beam.  Dr.  Belov  also  participated  in  the 
modifications  to  the  ECR  extraction  system  design. 

B.  ECR  Ionizer  Development 

Operation  of  the  ECR  at  ground  potential  while  the 
permanent  magnet  sextupole  was  biased  at  20  kV  presented 
several  problems  -  primarily  one  of  radial  and  downstream 
ion  extraction  resulting  in  excessive  current  draw  on  the  high 
voltage  power  supplies.  Attempts  to  solve  this  problem  by 
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reverse  biasing  an  entrance  cone  and  screen  around  the 
permanent  magnets  was  not  entirely  successful.  Inspired  by 
the  ECR  ionize,  design  at  PSI,  a  quartz  tube  was  installed  as 
a  liner  for  the  permanent  magnet  sextupole  to  further  reduce 
the  radial  extraction  of  beam  from  the  ECR  plasma. 

Since  the  quartz  tube  restricts  radial  pumping  of  the 
plasma  region,  the  extraction  system  has  been  redesigned  to 
allow  for  improved  axial  pumping  (Fig.  1).  The  first  design, 
with  an  emittance  limiting  aperture  of  1  cm,  has  been  replaced 
by  three  molybdenum  grids  with  95%  transmission  in  a 
diameter  of  4.45  cm.  The  three  grids  are  electrically  isolated 
and  attached  to  independent  high  voltage  supplies  to  allow  for 
testing  of  accel-accel  and  accel-decel  extraction  from  the  ECR. 

Testing  of  the  modifications  has  just  begun,  with 
encouraging  results.  With  an  atomic  beam  intensity  of  2.0  x 
1016  atoms/sec  as  measured  in  a  compression  tube  10  cm 
upstream  of  the  ECR,  a  total  beam  current  of  1.2  mA  was 
extracted  at  10  kV  as  measured  on  a  beam  stop  10  cm 
downstream  of  the  ECR.  With  the  atomic  beam  valve  closed, 
the  total  beam  current  was  measured  to  be  0.6  mA. 


Figure  1.  ECR  and  Buncher  assembly  with  quartz  tube  and 
gridded  extraction  system. 

C.  RF  Transition  Units 

Since  we  do  not  yet  have  a  way  to  measure  beam 
polarization,  the  strong  and  weak  field  RF  transition  units  for 
hydrogen  were  tested  on  the  atomic  beam  source  in  Madison, 
WI.  The  cavities  performed  as  expected,  but  a  polarimeter 
will  be  essential  for  maximizing  proton  polarization  out  of  the 
source.  A  design  for  a  5-10  keV  metastable  atom  polarimeter 
was  passed  on  to  us  by  Anatoli  Zelenski  from  the  INR.  We 
are  anxious  to  build  this  polarimeter  and  install  it  in  the 


HIPIOS  diagnostics  line  as  soon  as  funding  and  our  work 
load  allows. 

D.  Buncher 

Tests  of  the  gridded  single-gap  buncher  with  the  600  W 
wideband  RF  power  amplifier  were  very  promising. 
Although  the  lead  is  very  reactive,  a  suitable  coupling 
method  was  found  which  yielded  the  required  waveform 
linearity  at  voltages  even  higher  than  anticipated.  This 
higher  voltage  leads  to  a  greater  range  of  allowed  beam 
energies  in  the  bunching  region.  Further  testing  with  beam 
will  determine  the  optimal  beam  energy. 

Initial  bunching  facto’  measurements  were  taken  before 
the  source  was  moved  into  the  terminal  using  a  gridded 
pickup.  The  minimum  phase  width  observed  was  100°  and 
with  the  addition  of  a  second  molybdenum  photo-etched  grid 
we  expect  the  system  to  operate  as  designed.  We  hope  to 
compress  all  the  beam  into  a  30°  phase  width,  which  would 
consequently  lead  to  linear  bunching  in  the  following 
resonant  (sinusoidal  waveform)  buncher. 

E.  Control  System 

The  Vista  control  system4  has  been  almost  completely 
implemented  for  HIPIOS  and  is  working  very  reliably.  We 
are  now  controlling  the  source  elements  with  DACs  and  are 
developing  a  "combo"  to  run  all  of  the  extraction  element 
high  voltage  supplies  with  one  DAC. 

III.  20  keV  BEAM  TRANSPORT 

The  20  keV  ion  beam  emerging  from  the  source  is 
electrostatically  focussed  and  magnetically  steered  through 
the  4  m  long  beam  transfer  line  to  the  entrance  of  the 
acceleration  column.  This  beam  line  incorporates  three 
principal  systems  of  note.  A  combination  of  a  90°  bend, 
spherical  electrostatic  channel  and  a  pair  of  spin  rotation 
solenoids,  placed  at  beam  waists,  is  used  to  change  the  spin 
alignment  axis  of  the  polarized  beam  from  the  axial 
orientation  at  the  source  exit  to  vertical  at  the  end  of  the 
transfer  line.  A  doubly  focussing,  doubly  achromatic 
magnetic  beam  translation  system  produces  a  0.5  m  vertical 
parallel  drop  of  the  ion  beam  in  the  terminal  to  match  source 
beam  height  to  the  acceleration  column.  A  unit 
magnification  electrostatic  zoom  lens  system  matches  the 
fixed  transfer  line  optics  to  the  variable  acceleration  column 
optics  to  provide  controlled  ground  potential  beam  line 
injection  over  a  wide  range  of  terminal  voltages.  Assembly 
of  the  beam  line  is  proceeding  as  manpower  is  available  and 
is  scheduled  to  be  completed  by  the  middle  of  August 

IV.  HIGH  VOLTAGE  TERMINAL 

The  14’  x  30’  x  12’  high  stainless  steel  high  voltage 
terminal  (significantly  larger  than  our  existing  terminals,  but 
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getting  smaller  every  day)  houses  HIPIOS  and  the  20  keV 
beam  transport  line  with  room  for  an  additional  ECR  source. 
The  space  will  initially  be  used  for  the  polarimeter  so  that 
polarization  studies  can  be  done  without  having  to  accelerate 
beam  from  the  terminal.  The  terminal  operates  at  600  kV  and 
is  supported  on  eleven  insulating  legs,  each  consisting  of  three 
ceramic  insulators  separated  by  two  spun  aluminum  corona 
rings.  Two  of  the  legs  have  a  conductive  surface  glaze  to 
provide  900  Megohms  voltage  grading  to  ground,  and  the 
corona  rings  are  cross-connected  so  that  all  surfaces  at  the 
same  elevation  have  the  same  voltage.  This  design  should 
require  very  little  maintenance,  unlike  the  water  path  grading 
system  used  on  our  existing  terminals.  AC  power  is  delivered 
to  the  terminal  by  a  125  kVA  alternator  driven  by  a  200  hp 
motor  connected  to  a  G-10  filament-wound  drive  shaft  -  a 
design  which  we  hope  will  require  much  less  maintenance  than 
the  hydraulic  system  used  to  power  the  other  terminals. 

The  terminal  has  been  successfully  tested  at  600  kV 
without  sparking  or  excessive  leakage  current  Fabrication  of 
the  AC  drive  system  is  now  underway  with  installation 
scheduled  for  July.  First  beam  extraction  from  the  terminal  is 
scheduled  for  mid-September. 

V.  600  kV  BEAM  LINE 

The  30  m  beam  line  (BL1C)  will  transport  beam  from 
Terminal  C  to  the  injector  cyclotron.  BL1C  was  designed  with 
the  goal  of  increasing  the  beam  transmission  efficiency  from 
the  source  through  the  main  stage  cyclotron  from  the  present 
10%  to  over  30%.  The  beam  line  is  composed  of  four  180° 
betatron  phase  advance  sections  between  each  45°  dipole 
which  leads  to  alternating  sections  of  high  and  vanishing 
dispersion,  followed  by  a  section  to  match  beam  phase  space 
to  the  injector  cyclotron  acceptance.  This  symmetry  also 
suggests  a  natural  ordering  for  steering  dipole  and  beam 
position  monitor  pairs  (i.e.  modula  90°  in  betatron  phase 
advance). 

Beam  manipulation  and  diagnostic  systems  integrated  into 
the  beam  line  design  will  measure  the  beam  transverse 
distribution  at  the  beginning  of  the  line,  the  beam  envelope  and 
dispersion  throughout  the  line,  and  the  cyclotron  transverse 
acceptance.  The  diagnostic  systems  will  also  provide  the 
operator  with  easy  to  use  tools  to  match  the  beam  properties 
to  the  measured  acceptances.  These  tools  will  operate  in  an 
auto-tuning  mode  during  routine  operation  after  being  tested  in 
a  "manual"  mode.  Longitudinal  diagnostic  systems  will 
measure  and  provide  hardware  control  of  both  the  first  and 
second  moments  of  the  beam  longitudinal  distribution. 

The  new  diagnostics  hardware  required  from  Terminal  C 
to  the  injector  consists  of  30  beam  position  monitors,  two  wire 
scanners,  four  beam  stops,  four  slit  systems,  two  phase 
pickups,  four  longitudinal  profilometers  and  a  600  keV  ®Li 
(p,x)  polarimeter. 

The  double-gap  resonant  waveform  BL1C  buncher,  in 
conjunction  with  the  terminal  buncher,  will  reduce  the  energy 
spread  caused  by  the  bunching  process  by  a  factor  of  4  from 


the  present  system,  while  providing  a  sharper  phase  focus 
(±  3°).  This  should  enhance  transmission  through  the 
injector  cyclotron  inflector  system  and  actually  eliminate  the 
need  for  precise  dispersion  matching.  The  existing  buncher 
will  also  be  used  to  provide  three  stage  bunching,  allowing 
adjustment  of  the  beam  phase  width  at  the  longitudinal  focus 
to  optimize  matching  to  the  injector.  A  prototype  buncher 
element  has  been  fully  tested,  and  the  mechanical  design  for 
the  tuneable  elements  is  underway. 

All  the  beam  bunching  systems  will  be  phase  locked  to 
the  beam  using  hardware  phase  feedback  loops,  thus 
eliminating  the  otherwise-required  precise  regulation  of 
power  supplies  and  beam  properties.  The  phase  feedback 
loops  will  have  bandwidths  of  10  kHz  or  higher.  The  beam 
phase  detectors  require  a  dynamic  range  of  over  40  dB  for 
operation  with  beam  currents  in  the  range  1  -  100  pA.  An 
additional  hardware  feedback  loop  will  modulate  the  buncher 
voltage  in  proportion  to  the  square  root  of  the  beam  current 
to  compensate  for  space  charge  effects. 

All  of  the  elements  for  BL1C  have  been  fabricated  with 
the  exception  of  the  buncher  and  the  slit  assemblies. 
Installation  of  the  beam  line  is  underway,  and  the  required 
modifications  to  the  existing  beam  line  upstream  of  the 
injector  cyclotron  will  take  place  during  the  upcoming 
shutdown  (May  24  -  July  14).  First  beam  into  the  injector 
from  BL1C  is  scheduled  for  the  end  w  .  member. 
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Abstract 

The  model  HOLCROSS  ion  source  is  designed  for 
the  production  of  high  current  and  brightness  ion  beams 
for  application  in  particle  accelerator  injection  and  ion 
implantation.  The  cross  type  hollow  cathode  device  in 
which  the  cross  size  of  the  cathode  is  greater  than  a 
longitudinal  size  is  described.  This  system  allows  the 
creation  of  a  quiet,  add  and  stable  plasma  of  all  cross 
sections.  Compared  with  traditional  hollow  cathode 
systems  this  one  is  characterised  by  improved  technical 
and  operational  performance.  In  the  case  of  a 
duoplasmatron  ion  source  the  cross  hollow  cathode  is 
optimised  for  gaseous  charges  such  as  noble  gases, 
nitrogen,  oxygen  etc.  A  description  of  the  source  is  given, 
together  with  some  recent  results.  With  a  one  aperture 
extraction  system  in  which  the  square  of  die  anode  hole 
equals  0,25  mm^  this  source  will  produce  more  than  15 
mA  Hi+  at  8  keV  and  200  mA  discharge  current 

L  INTRODUCTION 

In  the  field  of  ion  implantation  and  particle  accelerator's 
injection,  there  is  a  growing  interest  in  ion  beams  of 
different  mass  with  high  brightness  and  high  current  The 
project  using  an  original  hollow  cathode  ion  source  for  a 
MeV-  RF  implanter  has  been  developed  at  the  Moscow 
Engineering  Physics  Institute  [1].  Preliminary  studies 
have  been  performed  using  only  a  cross-type  hollow 
cathode  device.  This  article  summarises  the  investigations 
on  a  duoplasmatron  ion  source  with  cross-type  hollow 
cathode  (150-mm  diam)  performed  in  MEPhl. 

II.THE  CROSS  TYPE  HOLLOW  CATHODE 
ION  SOURCE 

The  experimental  setup  has  already  been  described  in 
a  previous  article  [2],(  see  Figure  1).  In  brief,  the  hollow 
cathode  is  fabricated  from  a  air-axded  cylindrical  stainless 
steel  chamber  (ISO  mm  diam,  0-30  mm  depth).  The  cross 
size  of  the  hollow  cathode  is  greater  than  the  longitudinal 
size.  At  the  back  of  the  cathode  chamber,  the  operational 
gas  is  let  in  through  a  tube  4  mm  in  diameter  and  is 
pumped  away  through  the  anode  aperture  by  a  diffusion 
1500 1/s  oil  pump.  The  square  of  the  anode  hole  equals 
0,25  mm^.  Technical  hydrogen  was  used. 
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The  duoplasmatron  km  source  consists  of  few 
discharge  chambers,  followed  by  an  small  expansion 
cup.The  expander  (7  mm  diam  and  5  mm  depth)  with  the 
extraction  electrodeform  the  modified  Pierce's  system  [2]. 
In  the  region  between  intermediate  electrode  and  anode,  an 
axial  magnetic  field,  obtained  by  a  permanent  magnet,  is 
applied.  The  magnetic  flux  lines  are  guided  by 
ferromagnetic  material.  The  influence  of  the  magnetic  field 
on  the  cathode  region  is  negligible. 


Figure  1.  The  experimental  setup:  1-  anode;  2- 
expander;  3-  intermediate  electrode;  4-  additional 
electrode;  5-  cathode  chamber;  6-  circle  (date;  7-  gas  inlet; 
8-  magnets;  9-  extractor. 

An  electronic  system  has  been  developed  and  built  to 
run  a  hollow  cathode  and  duoplasmatron  ion  source  in  dc 
mode.  Cathode  and  anode  are  connected  to  the  power 
supply.  The  cathode  chamber  is  negatively  biased  with 
respect  to  the  anode.  The  potentials  of  the  intermediate  and 
additional  electrodes  are  floating. 

All  the  measurements  were  performed  with  the  source 
and  extraction  operated  in  dc  mode.  The  ion  optic  system 
consists  of  an  Einzel  lens.  The  beam  current  was  measured 
by  a  Faraday  cup  at  a  distance  of  120  cm  from  the  lens. 
The  beam  energy  was  varied  between  5  and  15  keV. 

III.  EXPERIMENTAL  RESULTS 

In  order  to  determine  the  optimal  conditions  for 
generating  a  plasma  the  effect  of  the  discharge  current  (Id), 
discharge  voltage  (Ud)  and  the  source  pressure  (Pa)  on  the 
distribution  of  the  charged  particles  were  investigated.  In 
this  experiment  the  intermediate  and  additional  electrodes 


3187 


were  pulled  out  A  cross  hollow  cathode  discharge  is 
easily  established  when  the  operating  pressure  is  of  the 
onto'  of  10  Pa.  It  is  very  stable  discharge  and  transition 
into  an  arc  discharge  is  not  observed  for  the  discharge 
current  up  to  hundreds  mA  in  dc  mode. 

Figure  2  shows  the  anode  (discharge)  voltage  as 
function  of  the  source  pressure  for  a  constant  discharge 
current  and  a 


□ 


-200  mA; 


100  mA; 


-  50  mA 


Figure  2.  Dependence  of  the  discharge  voltage  Ud  on  the 
source  pressure  Pa  for  a  constant  discharge  current  Id;  a)-  A 
*0  mm;  b)-  A  =6  mm;  c>  A  =16  mm. 

cathode  chamber  depth  A  .  It  can  be  seen  that  for  A  =0 
mm  (fig.  2a )  and  for  A  =16  mm  ;  Pa>50  Pa  (  fig.  2c  ) 
the  curves  repeat  the  same  dependence  for  a  glow 
discharge.  The  voltage  dependency  of  the  pressure  on 
Figure  2c  is  divided  into  two  parts.  For  a  pressure  below 
50  Pa  and  larger  than  30  Pa  the  voltage  is  decreasing  with 
the  pressure  decreasing.  But  for  pressures  below  30  Pa  the 
situation  is  reversed.  Now  the  voltage  is  rising  and  a  glow 


discharge  is  transmitted  into  the  high  voltage  (  electron 
beam)  mode. 

Figure  2b  illustrates  the  relationship  of  the  discharge 
voltage  to  the  discharge  current  for  another  hollow  cathode 
configuration.  In  this  case,  the  hollow  cathode's  depth  is  6 
mm.  For  a  wide  ranges  of  pressure  and  discharge  current, 
the  discharge  voltage  remains  approximately  constant 

The  average  discharge  voltage  <U>  on  hollow  cathode 
depth  A  is  plotted  in  Figure  3  to  a  constant  source 
pressure.  The  results  show  that  there  is  an  optimal  value 
of  A  corresponding  to  the  minimal  discharge  voltage. 
Voltage  of  340  V  can  be  obtained  for  a  hollow  cathode 
depth  of  about  6  mm. 


<U>,V 


H  370 


320 


Figure  3.  Dependence  of  the  average  discharge  voltage 
<U>  on  the  hollow  cathode  depth  A  for  a  constant 
source  pressure. 


In  the  second  part  of  the  experiment,  the  visual 
observation  of  the  discharge  through  the  transparent 
cathode  flange  was  conducted.  A  metal  screen  was  installed 
instead  of  the  circle  plate.  The  results  are  shown  in  Figure 
4a-f.  One  can  see  that  the  plasma  occupation  of  the 
cathode  chamber  can  be  efficiently  achieved  due  to  the 
choice  of  combination  of  Id,  Pa  and  A  values 
corresponding  to  the  electron  oscillation  mode  of  the 
dischaige. 

The  duoplasmatron  type  plasma  generator  is  an 
example  of  use  of  the  cross  hollow  cathode  with  the 
duoplasmatron  ion  source  [2].  This  system  allows  the 
creation  of  a  quiet,  cold  and  stable  plasma  of  all  cross 
sections.  Compared  with  traditional  hollow  cathode 
systems  this  one  is  characterised  by  improved  technical 
and  operational  performance.  In  the  case  of  a 
duoplasmatron  ion  source  the  cross  hollow  cathode  is 
optimised  for  gaseous  charges  such  as  noble  gases, 
nitrogen,  oxygen  etc.  With  a  one  aperture  extraction 
system  this  source  will  produce  more  than  15  mA  Hj+  at 
8  keV  and  200  mA  discharge  currentFor  other  monatomic 
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f~{  -dark  glow  -  faint  glow  -  bright  glow 


Figure  4.  Depiction  of  the  plasma  occupation  of  the  cross  hollow  cathode's  cavity  for  h  =6  mm;  Id=  100  mA  (  for 
direction  of  vision  see  the  arrow  on  fig.  1 )  :  a-  Pa=10  Pa,  U(j=360  V;  b-  30, 340;  c-  50, 330;  d-  60, 335;  e-  100, 350; 
f- 400,  370 


gases  the  beam  currents  scale  as  the  inverse  square  root  of 
the  mass  number  A. 

IV.  CONCLUSION 

The  cross  hollow  cathode  system  has  certain 
advantages  over  the  source  of  the  previous  article  [2]  of 
the  same  power  dissipation,  such  as:  high  ionisation 
efficiency  with  low  gas  flow  rates  and  good  power 
efficiency.  Due  to  the  modular  construction  of  the 
HOLCROSS  system  ,  it  is  fairly  easy  to  introduce 
modifications.  One  special  version  uses  an  internal 
negatively  biased  sputtering  target  to  produce  ions  from 
elemental  metal  samples.  Another  alternation  is  equipped 
with  an  additional  cross  type  hollow  cathode  system 
placed  between  the  auxiliary  plasma  generator  and  the 
extractor.  A  negative  voltage  is  applied  to  the  cathode  so 


that  dependent  low  pressure  gas  discharge  is  observed.  All 
these  advantages  secure  the  application  of  the  cross  hollow 
cathode  as  an  effective  long-lived  plasma  generator  .Further 
investigations  of  the  cross  hollow  cathode  system  will  be 
published. 
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Abstract 


n.  EXPERIMENTAL  SETUP 


A  10-cm-diam  rf -driven  multicusp  ion  source  has  been 
tested  for  positive  (H+)  ion  production  in  cw  mode  for  future 
use  in  the  870  keV  Cockcroft- Walton  preinjector  at  Paul 
Scherrer  Institute.  The  source  is  optimized  for  the  best 
atomic  hydrogen  ion  species  and  extractable  current.  It  is 
found  that  the  porcelain  coating  on  the  antenna  is  very 
durable  and  stays  intact  after  days  of  continuous  operation. 
It  is  expected  that  the  antenna  will  have  a  very  long  lifetime 
for  an  rf  input  power  of  -6  kW. 


A  schematic  diagram  of  the  rf  ion  source  is  shown  in 
Fig.  1.  The  source  chamber  was  a  copper  cylinder  (10  cm 
diameter  by  10  cm  long)  surrounded  by  20  columns  of 
samarium-cobalt  magnets  that  formed  a  longitudinal  line- 
cusp  configuration.  The  magnets  were  enclosed  by  an 
anodized  aluminum  cylinder  with  cooling  water  circulating 
between  the  magnets  and  the  inner  housing.  The  back  flange 
had  four  rows  of  magnets  coded  by  water  passages  drilled  in 
the  copper. 


I.  INTRODUCTION 

An  rf -driven  source  has  recently  been  developed  at 
Lawrence  Berkeley  Laboratory  to  efficiently  produce  H"  ion 
beams  for  use  in  the  injector  unit  of  the  Superconducting 
Super  Collider.  Under  optimum  conditions,  an  H~  beam 
current  as  high  as  40  mA  has  been  obtained  from  a  S.6  mm 
diameter  aperture  [1].  The  same  source  has  also  been  tested 
for  other  ion  beam  production  and  the  results  are  reported  in 
Ref.  [2]. 

The  cyclotron  at  Paul  Scherrer  Institute  (PSD  requires  a 
long  lifetime  positive  hydrogen  km  source  that  can  generate 
high  current  and  high  proton  percentage.  The  present  PSI 
source  utilizes  tungsten  filaments  for  the  plasma  discharge. 
The  lifetime  of  the  cathode  is  limited  to  about  one  month  of 
low  arc  power  and  about  ten  days  of  higher  arc  power  source 
operation.  Results  of  the  rf-driven  source  testing  in  pulsed 
mode  indicate  that  it  can  satisfy  both  the  current  and  ion 
species  requirement  for  the  PSI  Cockcroft-Walton  injector 
[2].  The  objective  of  this  experiment  is  to  investigate  the 
extractable  currrent,  hydrogen  ion  species  distribution  and 
the  durability  of  the  antenna  when  the  rf-driven  source  is 
operating  in  cw  mode. 

The  durability  of  the  antenna  is  an  important  factor 
when  considering  the  long-term  performance  of  ion  sources. 
Antenna  lifetime  has  been  demonstrated  for  high  power  (>50 
kW)  pulsed  operation  at  LBL,  Grumman  Corporation,  and 
SSCL,  but  has  not  been  tested  for  cw  operation  in  a  plasma 
environment  until  now.  The  results  are  encouraging.  The 
porcelain-coated  copper  antenna  has  been  observed  to  have  a 
high  durability  after  continuous  plasma  exposure.  It  is 
expected  that  the  antenna  will  have  a  very  long  lifetime 
when  the  source  is  operated  with  an  rf  input  power  of  -6 
kW. 


t  Paul  Scherrer  Institute  (PSI).  CH-5232  Villigen  PSI, 
Switzerland 

*  Supported  by  Paul  Scherrer  Institute  and  by  U.S.  DOE 
contract  DE-AC03-76SF00098. 
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Fig.  1  Schematic  diagram  of  the  rf-driven  multicusp  source. 

The  open  end  of  the  source  chamber  was  closed  by  a 
two-electrode  extraction  system.  Positive  or  negative  ion 
beams  were  normally  extracted  from  the  source  through  a  2 
mm  diameter  aperture.  A  permanent  magnet  mass  analyzer 
was  used  with  a  Faraday  cup  to  measure  the  electron, 
positive  or  negative  ion  currents  in  the  accelerated  beam. 
When  multiple  ion  species  were  present,  an  electromagnetic 
mass  analyzer  was  used  to  determine  the  species  distribution. 

The  rf  antenna  was  fabricated  from  4.7  mm  diameter 
copper  tubing  and  was  coated  with  a  thin  layer  of  hard 
porcelain  material.  The  thin  coating  was  slightly  flexible 
and  resistant  to  cracking.  The  rf  system  consisted  of  a  series 
circuit  of  capacitive  and  inductive  components  with  a  plasma 
acting  as  the  resistive  load  (Fig.  2).  Rf  power  was  delivered 
to  the  system  by  means  of  an  isolation  transformer  with  a 
step-down  ratio  of  10:1.  To  assure  maximum  power 
dissipation  in  the  plasma  and  minimal  power  reflection,  die 
matching  circuit’s  impedance  was  adjusted  to  minimize  the 
phase  difference  between  the  current  and  voltage.  This 
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tuning  was  done  at  an  if  operation  frequency  of 
approximately  1.8  MHz. 


Fig.  2  Schematic  diagram  of  the  complete  rf  power  system. 

In  the  initial  operation  of  the  system,  a  moderate  rf 
power  of  4.8  kW  could  be  coupled  to  the  plasma  in  cw  mode 
with  only  a  small  amount  of  power  being  reflected  from  the 
matching  circuit  However,  as  the  source  operation 
continued,  a  shift  in  the  rf  coupling  gradually  developed. 
The  current  and  voltage  phase  difference  begot  to  increase, 
thereby  delivering  less  power  to  the  plasma.  The  remainder 
of  the  power  was  then  dissipated  as  heat  in  the  matching 
circuit’s  components.  The  phase  difference  eventually 
became  so  pronounced  that  the  system’s  circuit  breakers 
hipped  due  to  excessive  reflected  power. 

When  the  impedance  of  the  matching  circuit  was 
remeasured,  a  significant  change  in  phase  had  occurred.  In 
addition,  the  isolation  transformer  had  become  exceedingly 
hot  To  try  remedy  the  situation,  the  circuit  was  re  tuned 
while  hot  and  a  plasma  reignited.  It  soon  became  apparent 
though,  that  the  hot  circuit  was  less  efficient  and  that  the 
circuit  components  could  be  damaged.  A  cw  rf  discharge 
became  difficult  to  maintain  for  any  duration  of  over  twenty 
minutes. 

The  majority  of  heat  dissipation  occurred  within  the 
isolation  transformer.  Approximately  70  watts  of  the  input 
power  was  being  dissipated  in  the  primary  and  secondary 
windings  of  the  transformer.  This  heat  may  appear  small  in 
comparison  with  a  5  kW  input  power  but  the  cumulative 
effect  on  the  electrical  components  becomes  significant 
when  there  is  no  cooling  to  carry  this  heat  away.  The 
increasing  temperature  changed  die  transformer’s  ferrite  core 
permeability  and  accordingly  die  system  became  unstable. 


As  a  solution  to  this  problem,  an  external  blower  was 
installed  to  cool  the  isolation  transformer  by  force!  air 
convection.  The  system  performance  improved  markedly. 
Since  then,  the  ion  source  had  been  operated  in  cw  mode  at  - 
6  kW  of  rf  power  for  over  two  weeks.  Daily  operation  was 
maintained  at  two  hours  or  longer  (total  integrated  time  for 
source  operation  >  24  hours).  After  running  for  this 
duration,  the  source  chamber  was  opened.  The  antenna 
showed  no  signs  of  deterioration  with  the  only  visible  effect 
being  a  grayish  coating  caused  by  vaporization  of  the  starter 
tungsten  filament  There  was  no  measurable  change  in  the 
thickness  of  the  porcelain  coating.  It  appeared  that 
continued  operation  with  the  same  antenna  was  still  possible 
for  an  extended  period  of  time. 

ffl.  EXPERIMENTAL  RESULTS 

Multicusp  generators  are  capable  of  producing  large 
volumes  of  uniform  and  quiescent  plasmas  with  densities 
exceeding  1012  ions/cm3.  For  this  reason,  there  was  a  great 
interest  in  the  early  1980s  in  applying  such  devices  as  ion 
sources  for  neutral  beam  injection  systems  and  for  particle 
accelerators.  To  increase  plasma  penetration  by  a  neutral 
beam,  a  high  percentage  of  H+  or  D+  ions  is  required.  It  has 
been  demonstrated  that  atomic  species  as  high  as  85%  can  be 
obtained  routinely  if  a  multicusp  source  is  operated  with  a 
magnetic  filter  [3].  The  magnetic  field  generated  by  the 
filter  magnet  is  strong  enough  to  prevent  the  primary 
electrons  from  reaching  the  extraction  region.  The  absence 
of  energetic  electrons  will  prevent  die  formation  of  H2+  in 
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Fig.  3  Hydrogen  ion  current  density  as  a  function  of  rf 
power. 
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the  extraction  region,  but  dissociation  of  the  molecular 
hydrogen  ions  (H2+>  H3+)  can  still  occur.  As  a  result,  the 
atomic  ion  species  (H+)  percentage  in  the  extracted  beam  is 
enhanced. 

We  have  investigated  die  extractable  current  density  and 
the  hydrogen  ioo  species  composition  in  the  rf-driven  source 
with  different  source  parameters.  Source  operating  pressure 
was  maintained  between  4  to  6  mTorr.  Figure  3  shows  the 
hydrogen  ion  species  as  a  function  of  rf  power  for  three 
different  filter  field  strengths  (The  B-field  is  measured  at  the 
mid-plane  of  the  filter).  As  expected,  the  weaker  the  filter 
field,  the  higher  the  extracted  positive  hydrogen  ion  current 
density.  The  data  indicates  that  a  nominal  current  density  of 
ISO  mA/cm2  can  be  achieved  by  both  the  ISO  G  and  190  G 
filters  at  about  4  kW  of  if  power.  Source  operation  with  the 
240  G  filter  can  produce  a  current  density  of  only  100 
mA/cm2. 

Figure  4  shows  a  plot  of  H+  ion  percentage  versus  rf 
power  for  the  three  different  filter  fields.  The  H+  ion 
concentration  increases  as  the  rf  power  is  varied  from  1  to  5 
kW.  In  the  range  of  rf  power  considered,  the  190  G  filter 
provides  higher  proton  percentage  than  the  other  two  filters. 
According  to  the  results  shown  in  Figs.  3  and  4,  one  can 
conclude  that  by  using  the  190  G  filter,  an  H+  current 
density  of  -100  mA/cm2  can  be  obtained  by  operating  the  rf 
source  at  ~4  kW  of  power.  The  H+  output  current  should 
exceed  the  present  PSI  source  performance  and  should  have 
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Fig.  4  H+  ion  species  percentage  as  a  function  of  rf  power. 


a  much  longer  source  lifetime.  As  a  result,  routine  source 
maintanence  will  be  much  reduced. 

Based  on  the  results  of  this  source  testing,  we  are  now 
designing  and  fabricating  a  new  rf-driven  multicusp  source 
for  positive  (H+)  ion  production  in  cw  mode  for  future  use  in 
the  870  keV  Cockcroft-Walton  preinjector  at  PSI. 
Operational  characteristics  of  this  new  ion  source  will  be 
reported  in  the  near  future. 
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Abstract  /Bdl  for  the  bending  magnet  was  4070  G-cm,  which  nicely 

resolved  all  three  species.  For  some  measurements,  a  7.S  cm 


Measurements  of  the  H+,  Hj*.  and  H3+  fractions  and 
emittances  of  a  hydrogen  beam  extracted  from  an  RF-driven 
multi-cusp  source  were  made  using  a  bending  magnet  and  an 
electrostatic  emittance  scanner.  The  H+  fraction  increased 
with  RF  power.  Fractions  in  excess  of  90%  were  obtained. 

At  a  given  RF  power,  the  H+  fraction  increased  with 
decreasing  source  pressure  and  increasing  filter  rod 
separation.  When  the  “collar”  surrounding  the  extraction 

aperture  (used  for  H*  operation)  was  removed,  the  H+ 

current  increased  by  a  factor  of  -4,  without  changing  the  HT 
fraction  at  a  given  RF  power.  With  a  large  filter  rod 

separation,  H+  currents  on  the  order  of  100mA  were 
achieved  at  «20kW  of  RF  power.  Using  a  modified  extractor 

[1]  operating  at  35kV,  H+  currents  on  the  order  of  60mA 
were  obtained  with  a  90%  normalized  rms  emittance  of 
0.012itcm-mrad. 


I.  INTRODUCTION 

CW  H+  accelerators  are  receiving  increased  attention 
recently  due  to  increased  interest  in  projects  such  as 
accelerator  transmutation  of  waste(ATW),  accelerator 
production  of  tritium(APT),  and  accelerator- based 
conversion  of  nuclear  weapons(ABC).  The  accelerators 
envisioned  for  these  projects  require  a  reasonable  emittance 
and  an  ion  source  with  a  high  H+  fraction.  This  paper 
describes  a  technique  used  fc-  measurements  of  the  H+,  H2+, 
and  H3+  fractions  in  a  positive  hydrogen  ion  beam,  and 

presents  some  emittance,  current,  and  H+  fraction 
measurements.  For  all  data,  the  beam  was  pulsed  for  1  ms  at 
0.3%  duty  factor. 

The  emittance  scanner  on  the  Grumman  Test  Stand  [2] 
was  used  with  a  dipole  bending  magnet  after  the  extractor  to 
measure  emittance  and  hydrogen  species  fractions  as  shown 
in  Fig.  1.  The  scanner  entrance  slit  was  17  cm  from  the 
extractor.  Current  was  measured  using  a  2-7/8"  ID  x  9"  long 
cup.  The  ion  source  for  most  of  the  measurements  was  a  10 
cm  ID  RF-driven  multi-cusp  source  with  a  variable  strength 
magnetic  dipole  filter  field  [3].  The  strength**  was  changed 
by  varying  the  spacing  between  the  filter  rods.  The  ID  of  the 
RF  coil  was  3.8  cm,  and  the  aperture  diameter  was  6.4  mm. 


*  Work  supported  under  Grumman  IR&D  project  #7256-2709. 

**  All  references  to  filter  field  strength  refer  to  the  strength  on 
axis  in  the  midplane  of  the  filter  rods,  which  contain  the 
magnets. 


ID  source  was  used  with  a  4.3  cm  ID  RF  coil  (reduced  by  the 
same  ratio  as  the  chamber  ID's).  The  filter  field  strength  was 
fixed  at  120  G,  the  aperture  diameter  was  5.6  mm,  and  /Bdl 
for  the  bending  magnet  was  3325  G-cm,  which  resolved  the 
H+  peak,  but  the  H2+  and  H3+  peaks  were  still  overlapping. 

Typical  raw  data  for  a  scanner  sweep  at  one  position, 
using  the  large  source,  is  shown  in  Fig.  2.  The  horizontal 
axis  is  proportional  to  lime  and  deflection  angle  -  i.e.  the 
peaks  are  separated  in  angle  rather  than  in  spatial  position. 
The  three  species  are  resolved,  and  a  small  impurity  of  mass 
17  or  18  (OH+  or  H20+)  is  usually  observed.  With  a  well 
baked  out  and  pumped  out  gas  line,  the  impurity  is  <1%  of 
the  total  current.  The  current  in  each  species  is  proportional 
to  the  area  under  each  peak  summed  over  all  sweeps  as  the 
scanner  moves  through  the  beam.  The  fractions  are  obtained 
from  the  ratios  of  the  summed  areas,  and  the  current  in  each 
species  is  the  fraction  for  that  species  times  the  Faraday  cup 
current.  The  analysis  program  also  calculates  the  emittance 
of  each  species  separately. 

For  small  source  operation,  the  most  deflected  particles 
entered  the  scanner  at  angles  greater  than  the  angular 
acceptance.  Therefore,  emittances  are  not  quoted  for  this 
source.  Also,  the  actual  H+  fractions  are  slightly  higher  than 
shown  because  relatively  more  H+  was  missed  than  the  other 
species  since  H+  is  the  most  deflected.  For  large  source 
operation,  the  problem  was  corrected  by  tilling  the  scanner 
75  mrad,  as  shown  in  Fig.  1 . 


Fig.  1  Scale  drawing  of  experimental  apparatus.  1  = 
emittance  scanner  (tilted  75  mrad);  2  =  bending  magnet;  3  = 
60s  wedge  plate;  4  =  filter  rod;  5  =  collar;  6  =  starter 
filament;  7  =  gas  inlet;  8  =  RF  antenna. 
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Fig.  2  Raw  data  from  emittance  scanner,  showing  the  three 

species  and  a  small  impurity.  The  crossing  lines  are  the  RF  Power  (*«) 

voltages  on  the  two  deflection  plates  (AV  =  0  =  0  at  the  Fig.  4  Current  density  vs  RF  power  for  the  small  source  with 

crossover  point),  and  the  hashy  line  in  the  middle  is  the  a  collar.  Aperture  radius  =  2.8  mm. 

current  hitting  the  front  face  of  the  scanner. 


n.  RESULTS 

A.  Current  and  H+  Fractions 

Fig.'s  3-5  show  total  current  density  and  H+  fraction 
vs  RF  power  for  different  Alter  Held  strengths.  For  the  large 
source,  at  a  given  RF  power,  both  the  total  current  and  the 
H+  fraction  increased  as  the  filter  Aeld  was  decreased  by 
pulling  the  Alter  rods  apart.  In  future  studies,  we  will 
increase  the  separation  even  further.  We  will  also  vary  the 
Alter  Aeld  by  changing  magnets  at  a  Axed  spacing.  Fig.'s  3 
and  5  show  that  adding  the  collar  (see  Fig.  1)  reduced  the 
current  by  a  factor  of  four  without  affecting  the  H+  fraction. 
The  current  densities  in  Fig.  4  should  therefore  increase  by  a 
factor  of  four  at  a  given  RF  power  by  removing  the  collar. 


RF  pownr  (kW) 

Fig.  3  Relative  current  density  vs  RF  power  for  the  large 
source.  +  =  400  G,  no  collar,  A  =  280  G,  no  collar,  o  =  190 
G,  no  collar,  •  =  300  G,  with  collar. 


Fig.  5  H+  fraction  vs  RF  power  for  some  of  the  data  from 
Fig.  3  plus  additional  small  source  data  (x)  with  collar. 

As  the  H+  fraction  rose  with  power,  we  found  that  the 
H2+  fraction  remained  roughly  constant,  while  the  Hj+ 

fraction  decreased.  Fig.  6  shows  that  the  H+  fraction  starts 
decreasing  if  the  source  pressure  is  too  high. 

B.  Emittance 

Fig.  7  shows  results  of  a  typical  emittance  scan  for  the 
large  source  at  35  kV.  The  results  for  H2+  and  H3+  are 
similar,  except  the  centroids  shift  due  to  the  mass 
differences.  The  measured  angular  centroids  scaled 
approximately  as  1/Vmass  as  expected,  and  were  close  to  the 
predicted  values  based  on  the  measured  /Bdl  of  the  bending 
magnet: 

AG  =  (Ve/2mp)jBai/VAVe7t 
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We  observed  that  the  H+  phase  space  is  bowed  (see 
Fig.  7).  At  least  part  of  the  reason  for  this  is  that  the  scanner 
moves  vertically  through  the  beam,  which  is  not  transverse  to 
the  H+  beam  since  H+  emerges  from  the  dump  at  a 
downward  slant.  Since  the  heavier  species  are  not  deflected 
as  much,  they  come  out  more  on  axis,  so  the  bow  should  be 
less  obvious  in  their  phase  space  plots.  We  do,  in  fact, 
observe  this.  The  bow  makes  the  rms  emiuance  artificially 
high. 

Fig.  8  shows  the  normalized  90%  H+  rms  emiuance 
after  straightening  out  the  bow  in  the  analysis  program,  vs 
RF  power  at  30  kV  and  35  kV.  The  extractor  was  running 
overdense  at  30  kV,  and  on  perveance  to  overdense  at  35  kV. 
The  highest  power  corresponds  to  an  H+  current  on  the  order 
of  60  mA. 


source  pressure  (mT) 

Fig.  6  Pressure  scan  using  the  small  source. 


BEAM  SPACE  PROFILE 


Position  (cm) 

BEAM  PHASE  SPACE  CONTOUR 


Position  (cm) 


Fig.  7  Typical  emiuance  scan  data  for  the  H+  peak  only.  The 
plots  for  the  other  species  show  the  centroid  shifts,  but  are 
otherwise  similar.  The  wedge  plate  angle  (60°)  must  be 
added  to  obtain  the  net  deflection. 
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Ftg.  8  Large  source;  o  =  30  kV,  •  =  35  kV. 

m.  SUMMARY 


Based  on  the  large  source  species  measurements,  it  is 
clear  that  increasing  the  filter  separation  is  desireable  for 
obtaining  a  high  H+  fraction  at  low  power,  but  the  effect  on 
emiuance  must  still  be  determined.  It  is  also  clear  that  the  H+ 
fraction  increases  with  power,  and  that  a  collar  around  the 
emission  aperture  cuts  down  the  current  by  a  factor  of  four 
without  affecting  the  H+  fraction. 

Further  work  is  planned  to  optimize  the  geometry  and 
operating  parameters  of  the  RF-driven  source  for  high  H+ 
fraction  and  high  current  at  low  power  for  ATW/APT 
applications,  including  full  CW  testing  by  late  "93. 
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Abstract 

In  an  attenpt  to  get  a  high  current  netal  ion  bean 
of  various  solid  3leme..ts  including  refractory  metals,  a 
gaseous  duoPIGatron  ion  source  was  modified  by  placing  a 
grid  type  cathode  and  a  sputter  target  in  the  PIG 
chamber.  Tungsten  mesh  was  adopted  as  the  cathode  grid, 
and  Ar  gas  was  used  for  a  support  gas  for  sputter 
induction.  For  Cu,  Fe,  and  Al,  ion  current  and  ratio  of 
the  metal  ion  were  obtained  at  various  conditions  of 
sputtering  voltage,  support  gas  pressure,  arc  current, 
magnet  current,  and  beam  extraction  voltage.  Results 
showed  that  the  metal  current  density  is  linearly  changed 
with  the  sputtering  voltage  and  magnet  current.  Ratio  of 
the  metal  ion  in  the  total  current  is  larger  at  lower 
support  gas  pressure.  Current  densities  for  Al,  Cu,  and 
Fe  were  4  mA/cm2,  5.5  mA/cm2,  and  2  mA/cm2,  respectively, 
at  an  arc  current  of  3  A,  extraction  voltage  of  20  kV, 
and  a  sputtering  voltage  of  1  kV.  Ratios  of  the  metals 
in  the  extracted  ion  currents  were  9*,  8*.  and  5*  for 
Al,  Cu,  and  Fe,  respectively. 

I.  INTRODUCTION 

Metal  ion  source  technology  has  been  devloped  for 
the  separation  of  isotopes,  preparation  of  isotope 
targets  for  nuclear  physics,  doping  of  semiconductor 
materials,  and  the  injector  section  for  the  heavy  ion 
accelerators.  Studies  on  the  modification  of  surfaces 
as  metals,  ceramics,  or  polymers  were  started  more  than 
twenty  years  ago  and  parts  of  the  results  are  applied  to 
the  industry[l].  For  example,  ions  of  Cr,  Mo,  and  Ti 
are  used  to  strengthen  the  corrosion  resistances  and 
wear  properties  of  engineering  materials  like  steels[2]. 

Ion  sources  capable  of  producing  currents  of  tens  of 
mA  or  current  densities  of  a  few  mA/cm2  are  required  for 
the  wider  utilization  of  the  technology  in  industries. 
However,  those  ion  sources  as  Freemann  type  or  CHORDIS 
type[3, 4]  thus  far  developed  until  now  have  extraction 
current  capabilities  for  the  metal  ions  of  only  a  few 
mi  1 1 i amperes.  The  conventional  heating-evaporation 
type  ion  sources  have  the  problem  of  metal  condensation. 
The  trend  of  the  development  of  ion  sources  are  thus 
centered  on  those  producing  large  currents  like  MEWA 
type  ones [5], 


II.  PRINCIPLES  OF  PLASMA  GENERATION  BY  THE 
ION  INDUCED  SPUTTERING 

The  concept  and  principle  of  the  sputter  type 
plasma  generator  with  a  single  discharge  chamber  are 
shown  in  Fig.  1.  Arc  discharge  is  maintained  in  the 

chamber  filled  with  an  inert  gas  by  applied  voltage 
between  the  filament  and  the  mesh-type  grid.  Application 
of  a  few  kV  between  grid  and  the  target  induces  ion 

acceration  from  plasma  to  the  target.  Sputter-generated 
electrons  and  neutral  particles  enter  the  chamber 
through  the  grid  spacings.  The  neutral  particles 
further  ionizes  in  the  chamber,  thus  being  extracted  as 
ion  beams  or  induces  next  sputtering.  For  a  cylindrical 
target,  average  sputtering  angle  of  the  secondary 

neutral  particles  is  normal  to  the  target  surface  and 

particle  density  is  expected  to  be  maximum  at  the  centre 
of  axis. 

III.  SPUTTER  TYPE  ION  SOURCE 
A  variance  of  the  dual  discharge  chamber 
DuoPIGatron  ion  source  is  made  for  the  implementation  of 
the  ion  induced  sputtering[Fig.2],  This  modification 
composed  of  the  intermediate  electrode  with  a  filament 
inside,  the  main  Penning  discharge  chamber  for  the  plasma 
generation,  and  the  ion  beam  extraction  system. 


Fig.  1  Principle  of  a  Sputter  Metal  Ion  Source 
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Fig.  2  Schematic  Diagram  of  a  Sputter-Type 
DuoPIGatron  Metal  Ion  Source 


A.  Plasma  Generation 

The  PIG  discharge  chamber  consists  of  one  anode  and 
a  grid-type  cathoce.  Electrons  entering  through  the  hole 
of  the  intermediate  electrode  to  the  PIG  chamber  are 
accelerated  and  produce  ions  through  collision  with 
neutral  particles.  Others  reach  the  cathode  and  re¬ 
accelerated  to  the  anode,  making  another  collisions  with 
neutral  particles.  This  multiple  ionization  process  is 
enhanced  by  the  axial  magnetic  field  formed  by  the 
source  magnet.  The  target  section  to  produce  the  metal 
ions  consists  of  a  grid  and  a  target.  Wall  side  and 
bottom  side  of  the  grid  cathode  are  meshes  of  nickel  and 
tungsten,  respectively.  Target  is  bucket-shape  holding 
the  grid  inside  and  has  a  hole  at  the  bottom. 

Application  of  1-2  kV  between  grid  and  target  induces 
acceleration  of  ions  from  the  plasma  to  the  target. 
Secondary  electrons,  ions,  and  neutral  particles  are 
ejected  from  the  bombarded  target  and  the  ejected 
electrons  and  neutral  particles  pass  through  the  grid  to 
enter  the  PIG  chamber,  thus  making  added  ionizations. 
Within  the  experimental  conditions  that  the  yield  of 
the  ejected  neutral  particles  is  larger  than  1, 
self-sustained  discharges  with  only  sputtered  particles 
become  possible. 

B.  Ion  Beam  Extraction  System 

Ion  beam  extraction  is  made  possible  by  the  proper 
attachment  of  an  accelerating  electrode  and  a 
decelerating  electrode  to  the  rear  of  the  target.  The 
target  has  a  hole  of  5.5  cm  in  diameter  and  an 
accelerating  electrode  is  distanced  6  mm  from  the 
target.  Behind  the  accelerating  elctrode,  the 
decelerating  electrode  is  located  at  2  mm  apart. 


I 

X 


Fig.  3  Pressure  in  PIG  Chamber  and  the  Sputtering 
Current  depending  on  the  Sputtering  Voltage 


Collisional  losses  of  ions  with  the  electrode  walls  are 
minimized  by  the  proper  ion-optical  designing  of  the 
electrodes  dimensions.  Neutral  particles  through  the 
system  were  rapidly  removed  through  vacuum  slots. 


IV.  CHARACTERIZATION  EXPERIMENTS 

The  100  kV  gas  ion  implanter  in  operation  at  KAERI 
was  replaced  of  its  ion  source  by  the  metal  ion  source. 

A  power  supply(5kV,  1A)  was  added  to  the  system  for  the 
sputtering.  Discharge  pressure,  extraction  current,  and 
the  ion  masses  were  measured  for  targets  of  Al,  Cu,  Fe, 
and  C.  Ion  mass  separation  was  performed  by  a  magnetic 
dipole  composed  of  a  permanent  magnet.  Extraction 
currents  were  measured  with  the  scanning  Faraday  cup. 

A.  Characteristics  of  the  plasma  formation 

Each  of  the  targets  was  tested  for  the  plasma 
characteristics  using  Ar  as  the  support  gas.  Sputtering 
current  and  pressure  were  measured  for  voltage 
variations  using  Al  as  the  target  at  an  Ar  pressure 
maintained  at  7.5  x  10  3  torr(Fig.3).  Increase  of  the 
neutral  particles  with  the  sputtering  energy  would  be 
the  cause  of  the  increased  pressure  at  high  voltages. 
Saturation  of  the  sputtering  current  at  larger  than  200 
V  is  thought  to  be  from  the  space  charge  limit  effect. 

B.  Beam  Extraction  Characteristics 

Extaction  currents  for  each  kind  of  ions  with  the 
Al  target  at  a  constant  discharge  condition  are  shown  in 
Fig. 4.  Total  ion  current  is  constant  for  the  sputtering 
voltage  variations,  but  Al  ion  current  increases  with 
sputtering  voltages.  The  increase  can  be  ascribed  by  the 
increase  of  sputtering  yield.  In  comparision  with  the  Al 
ion  current  and  the  sputtering  yield  at  various 
voltages,  the  increase  of  the  current  with  sputtering 
voltage  is  thought  to  be  resulted  from  the  increased 
sputtering  yield  with  voltage.  Efficient  confinement  of 
ions  and  electrons  by  the  strengthened  magietic  field 
can  increase  the  resultant  current  densities(Fig. 5). 
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Fig. 4  Ion  Current  Densities  and  Sputtering 

Yield  as  a  fuction  of  Sputtering  Voltage 
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Fig. 5  Ion  Currents  with  A1  Target  System 
depending  on  Magnet  Current 
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Fig. 6  Ion  Current  Density  in  Aluminum  Target 

System  as  a  function  of  Feed  Gas  Pressure 
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Fig. 7  Ion  Current  Density  with  Aluminum  Target 
System  depending  on  Extraction  Voltage 

Each  component  of  the  ion  current  depending  on  the 
feed  gas  pressure  is  shown  Fig.  6.  The  total  Ar  ion 
current  shown  as  Ar*  is  constant  for  the  pressure 
range.  The  figure  shows  the  self-sustained  discharge  as 
the  major  mechanism  for  the  generation  of  the  neutral 
particles.  Fig. 7  shows  the  ion  current  densities 
depending  on  the  extraction  voltage.  For  Al,  Cu  and  Fe, 
the  current  densities  were  4  mA/cm ,  5.5  mA/cm ,  and  2 
mA/cm2,  respectively,  at  similar  operational  conditions. 

V.  CONCLUSION 

A  sputter-type  ion  source  which  can  produce  ion 
beams  of  the  most  metallic  elements  including  refractory 
ones  has  been  devloped  by  applying  the  principles  of  ion 
induced  sputtering  and  reflex  arc  discharge.  Results  of 
the  performance  test  showed  that  the  pressure  of  the 
discharge  chamber  and  the  extracted  current  density  of 
the  metal  ion  components  were  increased  linearly  with 
the  sputtering  voltage.  Extraction  current  density  of 
the  metal  ions  were  a  few  mA/cm2  and  the  ratio  of  the 
metal  ions  and  total  ions  was  about  10  *.  Continuous 
metal  ion  beams  with  current  of  a  few  mA  were  obtained. 
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Abstract 

Low  emittance  singly  charged  potassium  thermionic 
ion  sources  are  being  developed  for  the  ILSE  injector.  The 
ILSE,  now  under  study  at  LBL,  will  address  the  physics  issues 
of  particle  beams  in  a  heavy  ion  fusion  driver  scenario.  The 
K+  ion  beam  is  emitted  thermionically  into  a  diode  gap  from 
alumino-silicate  layers  (zeolite)  coated  uniformly  on  a  porous 
tungsten  cup.  The  Injector  diode  design  requires  a  large 
diameter  (4M  to  7")  source  able  to  deliver  high  current  (-  800 
mA)  low  emittance  (En  <  .5  it  mm-mr)  beam.  The  SBTE 
(Single  Beam  Test  Experiment)  120  keV  gun  was  redesigned 
and  modified  with  the  aid  of  diode  optics  calculations  using 
the  EGUN  code  to  enable  the  extraction  of  high  currents  of 
about  90  mA  out  of  a  one-inch  diameter  source.  We  report  on 
the  1"  source  fabrication  technique  and  performance, 
including  total  current  and  current  density  profile 
measurements  using  Faraday  cups,  emittance  and  phase  space 
profile  measurements  using  the  double  slit  scanning 
technique,  and  life  time  measurements.  Furthermore,  we  shall 
report  on  the  extension  of  the  fabricating  technique  to  large 
diameter  sources  (up  to  7”),  measured  ion  emission 
performance,  measured  surface  temperature  uniformity  and 
heating  power  considerations  far  large  sources. 

I.  INTRODUCTION 

The  potassium  thermal  Ion  Source  is  being  developed 
at  LBL  for  the  HIFAR  (Heavy  Ion  Fusion  Accelerator 
Research  )  2  MV  Injector  Program  and  the  ILSE  (Induction 
Linac  System  Experiments)  experiment.  The  Injector  [1] 
consists  of  a  diode  of  up  to  1  MV  followed  by  electrostatic 
quadruples  (ESQ)  to  simultaneously  focus  and  accelerate  the 
ion  beam  to  2  MV.  A  2  MV  Marx  pulse  generator  is  used  to 
drive  the  injector  ESQ-diode  system.  The  Injector  diode 
design  requires  a  large  diameter  (4"  to  7")  curved  source 
capable  of  delivering  a  high  current  (-  0.8  A)  low  emittance 
(En  <  .5  n  mm-mr)  singly  charged  potassium  K+  beam.  The 
size  of  the  source  together  with  the  tight  injector  emittance 
budget  imply  that  the  source  emittance  must  be  nearly 
temperature-limited.  Furthermore,  as  a  critical  component  of 
the  ILSE  and  driver  injector,  the  source  must  have  sufficient 
reliability,  life  time  and  reproducibility. 

Two  types  of  sources  have  been  studied  [2],  namely 
plasma  sources  and  a  thermal  surface  sources.  The  alumino 
silicate  surface  thermal  source  was  found  to  meet  the  above 
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requirements.  The  K+  ion  beam  is  emitted  thermionically  into 
a  diode  gap  from  alumino-silicate  layers  (zeolite)  coated  on  a 
parous  tungsten  cup.  An  improved  potassium  alumino-silicate 
(Spodumene  analog)  uniform  coating  technique  was 
developed  leading  to  a  source  with  a  uniform  high  emission 
current  density  and  a  high  depletion  charge  density.  A  1" 
diameter  K  source  was  fabricated  and  tested  in  the  SBTE 
injector  setup.  Initial  measurements  showed  a  maximum 
space  charge  limited  extracted  ion  beam  current  of  95  mA, 
corresponding  to  a  density  of  19.5  mA/cm2.  The  maximum 
density  achieved  thus  far  is  limited  by  the  source  diode  optics, 
and  not  by  source  emission.  The  normalized  emittance 
measured  was  0.059n  mm-mrad,  corresponding  to  a  transverse 
temperature  of  0.2  eV.  Nondestructive  life  tests  showed  that 
the  source  can  be  operated  under  ILSE  continuous  operating 
conditions  for  more  than  a  month  (twenty,  eight-hours  days 
with  1  ps  long  pulses  at  1  second  repetition  rate).  D.  C. 
destructive  life  tests  showed  that  -  30%  of  the  total  stored  K 
can  be  ionized  and  extracted,  allowing  for  years  of  ILSE 
operation.  Following  these  encouraging  results,  larger  sources 
with  diameters  of  4"  and  above  have  been  fabricated  and 
tested. 

H.  SOURCE  FABRICATION 

The  source  uses  a  porous  (80%)  tungsten  cup  with  a 
high  heating  efficiency.  The  potassium  alumino  silicate 
(zeolite)  is  spread  on  the  porous  tungsten  cup  surface  and  fired 
in  a  vacuum  oven  to  a  temperature  of  150*  C  allowing  it  to 
melt  and  soak  into  the  curved  surface  pores.  The  source  is 
cooled  slowly  at  a  rate  of  150*  C/hr  allowing  the 
crystallization  of  the  alumino-silicate  into  a  uniform  thin 
cristabolite  phase  layer.  The  coating  is  mechanically  bonded 
to  the  cup  surface  allowing  high  current  density  and  charge 
depletion  out  of  the  source.  This  technique  is  used  to  coat  die 
1"  source  as  well  as  the  large  diameter  curved  surface  sources. 

III.  SOURCE  CURRENT  MEASUREMENTS 

The  total  ion  current  was  measured  using  a  Faraday 
cup  collector.  The  current  waveform  is  monitored  across  a  50 
ohm  resistor  using  the  Tektronix  2440  oscilloscope.  Looking 
for  the  source  emission  and  space  charge  limits  the  current 
was  measured  at  various  source  diode  voltages  and  beating 
powers.  The  SBTE  injector  consists  of  the  source  emitter  and 
a  series  of  accelerating  planar  electrodes.  The  extracted 
current  depends  mostly  on  the  first  electrode  voltage  and 
distance,  to  which  we  shall  refer  to  as  Ugap  and  Dgap.  The 
other  electrodes  are  used  mostly  for  controlling  the  beam 
optics. 
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EGUN  calculations  were  used  to  design  the  source 
configuration  including  gap  voltages,  gap  distances  and 
different  Pierce  electrode  geometries  to  maximize  current 
extraction  from  the  source  and  transport  through  the  series  of 
electrodes  into  the  Faraday  cup. 

The  results  presented  in  Figure  1  represent  a  set  of 
current  measurements  taken  using  a  Dgap  of  2.05  -  2.25  cm 
Pierce  electrode  with  focusing  angle  of  55*  -  67.5*.  Ugap  is 
set  to  .3  -  .4  of  the  full  MARX  voltage.  The  heater  power 
varied  from  50  -  150  W  (980*  ).  There  is  a  grid  in  the  exit 
ground  electrode.  A  total  current  of  95  mA  was  measured 
leading  to  a  current  density  of  19.5  mA/cm^.  The  source 
emission  limit  was  not  reached.  A  further  increase  in  the 
source  current  may  be  possible  with  additional  modifications 
to  optimize  the  beam  optics.  A  source  perveance  k  of  5.48 
nPerves  was  obtained  from  the  measurements  which  obeyed 
the  Child-Langmuir  Law.  The  EGUN  calculated  k  was  5.72 
nPerves. 


difference  of  6%  between  the  measured  and  calculated 
perveance  could  be  because  of  uncertainty  in  the  diode  gap 
distance. 


Figure  1.  SBTE  source  current  vs.  diode  voltage  to  the  3/2 
showing  the  source  emission  limit  for  given  heater  powers 
(surface  temperature) 


The  beam  transverse  current  density  profile  was 
measured  using  a  varying  diameter  aperture  across  the  beam 
(Figure  2).  The  measurement  was  taken  at  a  MARX  voltage 
of  120  kV  gap  voltage  of  31  kV,  total  current  of  20  mA,  Dgap 
=  3  cm,  and  a  Pierce  electrode  angle  of  67.5*.  One  can  see 
that  the  beam  has  a  uniform  current  density  profile  in 
agreement  with  EGUN  simulations. 

Recently  we  ran  emission  tests  on  a  newly  fabricated 
four  inch  diameter  source.  A  curved  graphite  extraction 
electrode  was  designed  and  placed  to  obtain  a  planar  diode 
configuration  with  a  6  mm  gap.  Ten  parallel  20x2  mm  slits 
were  cut  in  the  extraction  electrode  to  allow  current  density 
measurements  using  a  Faraday  cup  and  temperature 
measurements  using  a  hot  wire  pyrometer.  The  extraction 
voltage  pulse  up  to  about  +15  kV  is  supplied  to  the  source, 
allowing  the  extraction  electrode  to  be  at  ground  potential. 
Figure  3  shows  the  source  surface  temperature  and  current 
density  profiles  found  to  be  uniform.  The  measured  source 
perveance  was  found  to  be  24.7  nPerves;  the  calculated  source 
perveance  for  a  6  mm  gap  planar  diode  is  22.5  nPerves.  The 


Figure  2.  SBTE  diode  current  vs.  beam  aperture  area, 
showing  a  uniform  current  density  profile. 
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Figure  3.  Four  inch  source  current  density  and  surface 
temperature  profiles. 


IV.  TRANSVERSE  EMITTANCE  AND 
TEMPERATURE 

The  beam  transverse  rms  unnormalized  emittance 
was  measured  using  the  double  slit  scanner.  We  have  used  the 
usual  SBTE  setup,  as  in  the  current  density  measurements. 
The  measured  unnormalized  emittance  is  6k  mm-mrad, 
leading  to  a  normalized  emittance  En  of  0.059rt  mm-mrad. 

The  source  intrinsic  temperature  kT  in  eV  can  be 
calculated  [3]  knowing  the  measured  normalized  emittance 
(Figure  4): 


kT  =  En2(C/2R)2mi/q  =  0.2  eV 
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where  C  is  the  light  velocity  (3e+8  m/sec),  R  is  the  beam 
radius  (1.25e-2  m),  and  mi/q  for  the  potassium  km  is  4.08e-7 
The  measured  source  surface  temperature  is  about  980°C,  i.e., 
0.13  eV  within  60%  of  the  evaluated  0.2  eV. 


Figure  4.  Beam  phase  space  profile  in  x  (radius)  and  x' 
(angle). 


V.  LIFE  TESTS 

The  objective  of  the  test  was  to  show  the  source 
performance  during  experiments  that  are  the  equivalent  of  a 
one-month  of  continuous  ILSE  operation,  i.e.,  twenty  eight- 
hour  days  with  1  ns  long  pulses  at  a  one  second  repetition 
rale.  The  source  was  fired  about  50,000  times  with  extended 
pulse  duration  of  7  to  40  microseconds  with  repetition  rates 
fnmt  one  in  12  seconds  to  one  per  second,  extracting  a  total 
charge  of  over  3.7  mCb/cm2  above  the  required  2.4  mC/cm2. 
The  source  was  kept  at  a  temperature  980°C  for  over  160 
hours.  We  have  not  observed  any  depletion  or  evaporating 
effects  during  and  after  the  test 

A  D.  C.  depletion  destructive  life  experiment  was 
performed  on  small  1/4"  sources.  A  total  depleted  charge  (25 
micro  Amp.  12  hour)  of  1.6  Cb/cm2  was  extracted,  more  than 
is  needed  by  ILSE  over  years  of  operation. 


VI.  CONCLUSIONS 

Alumino  silicate  K+  sources  were  evaluated  for 
applications  in  the  ILSE  injector  and  in  a  possible  driver  in  an 
Heavy  Ion  Fusion  (HIF)  scenario.  The  measured  source 
transverse  emittance  and  current  density  were  found  to  meet 
ILSE  requirements.  Beam  transverse  emittance  and 
temperature  were  found  to  be  consistent  with  the  source 
intrinsic  temperature  and  emittance  within  a  factor  of  two. 
Our  new  Zeolite  coating  technology  was  successfully 
extended  to  the  coating  of  large  diameter,  up  to  17  cm,  curved 
surface  sources.  This  technique  allows  a  uniform  coating  with 
lasting  mechanical  bond  to  the  source  surface.  Life  test 
showed  that  the  source  can  be  operated  under  ILSE  conditions 
for  more  than  one  year  and  for  about  one  month  in  a  fusion 
scenario  driver.  Destructive  deletion  tests  showed  that  more 
than  30%  of  the  K  atoms  estimated  to  be  stored  in  the  alumino 
silicate  coating  can  be  extracted  as  K  ions.  One  can  see  that 
the  alumino  silicate  K  zeolite  sources  can  meet  the  special 
requirements  given  by  the  ILSE  experiments.  The  fabrication 
of  a  new  ILSE  source,  the  design  of  which  is  presented  above, 
is  to  be  tested  soon  in  a  diode  configuration. 
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Abstract 

Conditions  for  compression  of  a  laminar  non- 
relativistic  dense  beam  by  an  inhomogeneous 
magnetic  field  B  are  investigated  theoretically  and 
numerically.  A  generalized  Brillouin  regime  is 
defined  in  which  an  efficient  beam  compression 
may  proceed  according  to  the  scaling  Br  =  const, 
provided  the  field  undergoes  slow  variations: 
adiabaticity  condition.  The  initial  density  profile 
and  radial  velocity  are  found  critical  for  subsequent 
laminarity. 


I.  INTRODUCTION. 

A  large  electron  density  in  the  beam  of  an 
EB.I.S.  or  EB.I.T.  is  of  paramount  importance  to 
obtain  a  large  number  of  multiply  charged  ions. 
Adiabatic  magnetic  compression  starting  for 
example  at  the  gun  exit  or  further  downstream  in  a 
Brillouinlike  beam  is  a  way  to  reach  this  goal.  It 
will  be  shown  in  section  II  that  numerical  simula¬ 
tions  refering  to  actual  devices  indicate  an 
unfavorable  Br2  =  const  scaling  law.  Furthermore 
"beam  scalloping”  easily  occurs  depending  on 
initial  conditions  and  beam  geometry.  It  appears 
then  worthwhile  to  investigate  magnetic  compres¬ 
sion  both  theoretically  and  numerically.  An 
important  requirement  is  the  laminarity  of  the 
electron  flow.  Since  the  whole  analysis  deals  with 
electron  trajectories,  laminarity  is  defined  by 
nonintersecting  trajectories. 


II.  IDEAL  BRILLOUIN  BEAM  AND 
MAGNETIC  BEAM  COMPRESSION 

We  need  to  use  an  electron  beam  in  Brillouinlike 
conditions  (»  0.5  mm  envelope  beam  radius, 
constant  beam  profile  all  along  the  beam  section, 
3000  Gauss  axial  magnetic  field)  and  to  increase 


by  100  the  current  density,  using  magnetic 
compression  in  Brillouin  mode  (Br  =  const  in  a 
rigid  rotator  beam)  up  to  3  Tesla  axial  magnetic 
field  (Fig.  1). 


Ideal  magnetic  Heaviside 
field  function 

. . •  ' 

Law  magnetic  i  High  magnetic 
region  1  region 


■ 


Fig.  1 


In  our  EB.I.S.  design  and  with  the  beam  conditions 
at  3000  Gauss,  the  computed  trajectories  (2D- 
axisymetric  Thomson-CSF-TTE  code  with  space 
charge)  lead  to  a  Br2  =  const  (Fig.  2)  beam 
compression  scaling  (constant  flux)  instead  of  the 
expected  Br  =  const  law  (Brillouin  mode). 


2  <mm>  Fig.  2 


Beam  enveloppe  when  the  magnetic  field  increases  from  3000 
Gauss  to  3  Teslas.  Squares  are  computed  values.  Vertical  scale 
in  millimeters. 
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We  then  investigate  the  better  way  to  reach  high 
current  density  beam,  with  a  special  emphasis  on 
initial  beam  conditions.  Two  simulations  were 
performed  starting  with  a  perfect  Brillouin  beam 
(0.5  mm,  10  kV,  0.054  A,  386  Gauss,  constant 
current  density).  We  used  a  2D-Thomson  code  and 
alternatively  a  Runge-Kutta  procedure  integrating 
the  equations  of  motion.  It  appears  immediately  a 
beam  envelope  scalloping  (Fig.  3)  corresponding  to 
the  inhomogeneous  magnetic  field  structure  (a 
gradient  of  the  radial  magnetic  component  is 
associated  with  any  axial  magnetic  Held  component 
rise). 

Tw*  fnwpili<  nSu  tavelopc  electro*  bean  la  tahomogMou 
nugMtic  Md  with  space  charge  with  MMa  fe^ectfaa  coadMoas: 
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When  analysing  accuratly  the  motion  of  an  electron 
in  an  axisymetric  magnetic  structure  with  space 
charge  (beam  charge  density),  trochoidal 
trajectories  are  found  with  conspicuous  beam 
translaminarities  (Fig.  4). 


We  can  explain  these  results  using  the  transverse 
reduced  effective  potential  energy  leading  to 
extented  laminar  flow  expressions  (low  magnetic 
Fields  up  to  high  magnetic  fields). 


III.  A  GENERALIZED  BRILLOUIN 
REGIME 

In  a  uniform  magnetic  Field  parallel  to  the  beam, 
the  socalled  Brillouin  flow  corresponds  to  the  limit: 


oip  =  ,  to  =  cog  -  ^  ( Larmor  frequency ) , 

where  u>  is  the  angular  velocity  around  the  beam 

axis,  a>p  is  the  plasma  frequency  and  Q  is  the  gyro 
frequency  of  the  electrons.  The  beam  then  behaves 
like  a  rigid  rotor,  perfectly  laminar  flow.  Now, 
Busch's  theorem  holds,  i.e.,  for  every  electron 
trajectory 


<J>  is  the  magnetic  flux  through  a  disk  centered  on 
the  beam  axis  with  radius  is  r,  the  distance  of  the 

electron  to  the  axis .  is  a  constant  of  the  motion 
which  vanishes  in  the  Brillouin  regime.  Now  in  a 
non  uniform  Field  with  azimuthal  vector  potential 
Ajp,  assuming  an  homogeneous  compression  and  an 
almost  constant  longitudinal  velocity  vz  (this  is 
close  to  reality),  a  radial  electric  Field  is 


Ef  =  -  ^ ,  where  Wq  =  I  <n£(rl)  r'dr'. 


In  the  case  <$0  =  0,  a  transverse  reduced  effective 
potential  energy  is 

This  potential  has  a  minimum  at  rmjn  such  that 
r2  _  Q(M  fi  /,  8  Wo  d2  fl(0,z)  \ 

1  d*(M  )' 

dz2 

which  in  the  "superadiabatic"  limit 

8  Wp  d2Q(0,z)  c <  j 
Q3(0,z)  ^ 

reduces  to 

rmin  =  -  vr^-  ,  i.e.  B(0,z)  rmi„  =  const. 

Q(0,z) 

A  laminar  flow  (generalized  Brillouin  regime)  is 
obtained  when  every  electron  trajectory  follows  the 
bottom  of  such  a  potential  valley  (line  C  Fig.  5). 
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The  corresponding  requirements  are: 

i)  r0  =  rmi^z^O), 

.  ,  eo  m  Q2(0,0)  /  rS  d2  0(0,0)] 

”<r0)'  ^  “I*' 0(0,0)  dz2  J 

and  since 

Q2(r0,Q)=Q2(0,0)(l - ^  d~T5^  +  A  • 

\  2Q(0,0)  dz2  / 

o2 

The  Brillouin  matching  tu£  =  holds  only  on  the 
beam  axis . 

ii)  the  ratio  of  initial  radial  vs  longitudinal 
velocities  has  to  be  carefully  optimized. 


These  initial  beam  conditions  (longitudinal  and 
angular  beam  velocity  for  each  beam  radius)  added 

to  the  <l>o  =  0  Busch  condition  allow  a  favourable 
compression  mode  of  electron  beams  in 
inhomogeneous  axisymetric  magnetic  fields 

(Fig.  6). 


III.  CONCLUSION 

Although  the  better  way  to  transport  electron 
beams  with  space  charge  in  a  constant  magnetic 
Held  is  to  use  a  constant  profile  density  beam  in  the 
Brillouin  regime  (rigid  rotator  conditions),  the 
laminarity  of  such  a  beam  is  not  conserved  along  an 
increasing  field.  Looking  then  for  laminarity 
conservation,  we  have  shown  that  suitable 

conditions  are  <&o  =  0  for  every  electron  trajectory 
at  the  initial  field  increase,  a  parabolic  density  beam 
profile,  an  inhomogeneous  rotating  beam  and  an 
adiabatic  magnetic  field  increase. 
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Abstract 

Some  results  of  optimisatioa  of  NdFhB  hexapole  param¬ 
eters,  carried  out  oa  the  base  of  aaalytical  and  numerical 
calculations  for  a  14  GHs  compact  ECR  ion  source  are  pre¬ 
sented.  On  providing  the  required  value  and  distribution 
of  magnetic  Add  it  has  been  enabled  to  minimise  the  mag¬ 
netised  volume  of  the  hexapole.  The  number  of  bars  and 
outer  radii  of  Halbach  hexapole  magnetic  rings  at  Axed  in¬ 
ner  radius,  defined  by  outer  radius  of  the  plasma  chamber, 
have  been  varied. 


I.  INTRODUCTION 


At  present,  in  ion  beam  physics  a  considerable  progress  is 
seen.  It  is  directly  attributed  to  the  development  and  con¬ 
struction  of  ECR  ion  aonroea  with  the  operational  principle 
based  on  ions  extraction  from  hot  electron  plasma  heated 
by  electron-cyclotron  resonance  to  the  temperature  neces¬ 
sary  for  the  generation  of  mnlticharged  ions  of  the  working 
substance. 

Fbr  stable  plasma  confinement  a  magnetic  Add  of  "min¬ 
imum  B"  configuration,  increasing  to  all  sides  from  the 
region  occupied  by  the  plasma,  is  used.  Such  Add  conAg- 
uratioa  in  the  ion  source  results  from  the  superposition  of 
the  Adds  produced  by  coaxial  coils  and  a  multipole  struc¬ 
ture.  Usually,  a  hexapole,  made  of  permanent  Sm  Co  or 
NdfhB  magnets,  is  employed  as  a  multipole  structure. 
The  hexapole  produces  magnetic  Add  increasing  in  radial 
direction.  A  coil  system  is  a  simple  mirror  trap  with  the 
mirror  ratio  of  1.8-2  and  provides  Add  increase  in  the  axial 
direction. 

Lade  of  the  axial  symmetry  in  the  magnet  system  neces- 
siates  the  3-dimensional  calculations  of  the  hexapole  Add, 
in  particular,  the  identiAcation  of  the  character  of  edge 
Adda  distribution  because  of  probable  appearance  of  the 
spurious  resonances  in  the  area  of  the  ion  beam  extraction 
and  RP  power  input 

This  paper  presents  the  investigation  and  optimisation 
results  for  the  permanent  magnet  hexapole  for  the  ECR 
source  of  mnlticharged  ions  at  14  GHz  microwave  fre¬ 
quency,  corresponding  to  the  0.5  T  resonance  magnetic 
Add. 


IL  OPTIMIZATION  OF  HEXAPOLE 
PARAMETERS 

The  hexapole  represents  a  set  of  segmented  magnet  rings, 
whose  magnetisation  vector  M  lies  in  the  plane  perpen¬ 
dicular  to  the  longitudinal  axis.  Continuous  law  of  the 
magnetisation  distribution  over  the  ring  in  the  aaimuthal 
direction,  corresponding  to  the  ideal  hexapole  case,  is  de- 
Aned  as 

M  m  Mo(e#oo*3l  —  e,  tin  3d)  , 

where  e^,  e,  are  the  orts  of  the  polar  system  of  coordinates. 
In  an  actual  construction  it  is  approximated  with  a  polyline 
in  accordance  with  the  number  of  segments  assembled  of  a 
homogenioasly  textured  material. 

Fbr  the  case  of  an  ideal  hexapole  with  a  given  inner  ra¬ 
dius  At  and  outer  radius  Ri,  magnetic  induction  depen¬ 
dency  apoa  the  coordinates  in  presentation  B  =  H+4*  M, 
where  H  is  the  magnetic  Add  strength,  is  the  following: 


B 


0  <  r  < 

2xMo  [s  (jj^t)  <*,  d»3d  +  -  l) 

At  <  r  < 

0  ,Aa  <  r 


I 


Simple  analysis  of  these  expressions  permits  to  make  the 
following  conclusions: 

•  Magnetic  induction  in  the  hexapole  aperture  (r  <  A] ) 
is  B  ~  r*; 

•  In  the  case  of  As  >  \/3Ai,  near  to  the  points  r  =  At, 
d  =  k  s=  0, 1,. . .  ,5,  a  working  point  on  the  mag¬ 
netisation  curve  B  *  B{H)  lies  in  the  3-rd  quadrant. 
Fbr  the  contemporary  magnet  materials  it  can  pro¬ 
duce  the  unwanted  effects  of  the  hexapole  inner  layers 
demagnitisation  by  outer  layers. 

•  Neglecting  the  demagnetisation  effects,  maximum 
probable  induction,  in  the  hexapole  aperture  on  its  in¬ 
ner  surface  is  Bg  ■«  R-..  »»  1.5  Bo,  where  Bo  ■*  4 tM0 
is  the  residual  induction.  In  a  particular  case  at 
A]  *  V5Ai,  Bs  ■  Bo. 

Fbr  the  analysis  of  the  hexapole  edge  Adds,  the  3- 
dimenaional  calculations  have  been  done.  The  piogramm 
complex  DIAMOND  has  been  developed  for  the  calculation 
of  permanent  magnet  systems. 
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Ihble  1:  Dependency  of  the  magnetic  field  on  the  number  of  tegmenta 


Number  of  sectors,  N 

12 

18 
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Figure  1:  The  longitudinal  cross- section  of  the  hexapole 
for  tke  BCR  ion  source 


Design  optimisation  of  tke  hexapole  with  tke  specified 
length  and  radius  ill ,  determined  by  tke  ionisation  cham¬ 
ber  outer  radius  and  length,  consists  in  tke  variation  of 
/la- radii  and  tke  number  of  magnet  rings  segments.  As  a 
criterion,  tke  efficiency  of  tke  permanent  magnet  material 
use  was  considered  on  condition  that  the  requirements  for 
tke  magnetic  field  magnitude  and  profile  distribution  were 
kept.  Tke  table  1  gives  tke  dependency  on  tke  number  of 
segments  of  tke  magnetic  field  value,  reduced  to  tke  sur¬ 
face  value  Bs  *■  f  £■'  ’)  B»,  for  tke  ratio  Ra  m  y/iRi  and 
r.  m  0.75  R\. 

Tke  number  of  segments  N  =  18  seems  to  be  optimal  in 
technological  aspect.  FSg.l  shows  schematically  tke  longi¬ 
tudinal  cross  section  of  tke  accepted  hexapole  construction 
for  tke  ECR  source  of  mol  tick  urged  ions.  Tke  hexapole 
is  composed  of  4  rings  of  equal  length  with  the  N  =  18 
segments  made  of  NdFkB  magnets  with  tke  residual  in¬ 
duction  of  Bo  *  10.5  kGs.  The  outer  diameter  of  tke 
extreme  rings  can  be  reduced  proceeding  from  tke  plasma 
stability  conditions.  The  magnetic  field  distribution  for  tke 
hexapole  aperture  in  tke  longitudinal  direction  is  shown  in 
Flg.2  as  a  Auction  of  radius. 


Figure  2:  Tke  magnetic  field  distribution  in  tke  longitudi 
nal  direction 
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Stripping  Efficiencies  for  277  MeV /amu  Gold  Beam  on  Copper  Foils* 


Thomas  Roser 

AGS  Department,  Bldg.  91  IB,  Brookhaven  National  Laboratory 
Upton,  NY  11973  USA 


Abstract 

Stripping  efficiencies  were  measured  for  277  MeV /amu 
Au33+  ions  with  Copper  foils  ranging  in  thickness  from 
25  pm  to  100  pm.  The  charge  state  distribution  was  an¬ 
alyzed  using  the  beam  line  magnets  of  the  transfer  line 
between  the  AGS  Booster  and  the  AGS  at  Brookhaven. 
The  relative  charge  state  abundances  were  analyzed  to  find 
the  optimum  foil  thicknesses  for  fully  stripped  Au79+  and 
Helium-like  Au77+ .  It  was  also  possible  to  extract  electron 
stripping  and  pick-up  cross  sections. 


1  Introduction 

For  the  first  acceleration  of  Gold  ions  in  the  AGS  complex 
to  11  GeV/amu  Au334  was  accelerated  in  the  AGS  Booster 
to  277  MeV l amu  and  then  transferred  to  the  AGS  where 
the  final  acceleration  to  the  top  energy  took  place[l}.  Typ¬ 
ically  a  50  pm  thick  Copper  foil  was  used  in  the  transfer 
line  between  the  Booster  and  the  AGS  to  strip  Au33-4  to 
Au78+.  The  higher  charge  state  allows  acceleration  to  much 
higher  energy  in  the  AGS  but  is  also  required  because  the 
relatively  bad  vacuum  in  the  AGS  would  lead  to  excessive 
beam  loss  due  to  stripping  by  the  residual  gas.  However, 
it  is  expected  that  Helium-like  Au77+  can  be  accelerated 
in  the  AGS  without  significant  losses  and,  as  shown  below, 
can  be  produced  with  higher  efficiency  than  fully  stripped 
Au79+. 


2  Measurement  of  Stripping  Effi¬ 
ciencies 

By  varying  two  dipole  magnets  following  the  stripping  foil 
in  transfer  line  between  the  Booster  and  the  AGS  the  rel¬ 
ative  abundance  of  the  charge  states  Au77+,  Au78+  and 
Au79+  could  be  studied  with  a  multi-wire  profile  moni¬ 
tor.  Measurements  were  made  for  25,  37.5,  50,  and  100  pm 
thick  foils.  One  profile  alone  did  not  cover  the  full  charge 
state  distribution.  Therefore,  several  profiles  had  to  be 
taken  with  different  settings  for  the  analyzing  magnet.  The 
profiles  for  different  magnet  settings  were  then  combined 
by  fitting  all  profiles  with  a  single  distribution  made  up 
from  three  gaussians  corresponding  to  the  three  charge 

‘Work  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy 


Figure  1:  Fit  to  the  charge  state  distribution  of  the  mean 
surements  with  the  50  pm  thick  Copper  foil. _ 


states  77+,  78+,  and  79+.  The  gaussian  distributions  all 
had  the  same  width  and  were  separated  by  equal  distances. 
A  typical  result  is  shown  in  Figure  1  and  Table  1  gives  the 
fitting  parameters  for  the  four  foil  measurements. 

From  the  variation  of  the  peak  position  of  charge  state 
77+  with  the  foil  thickness  one  can  extract  the  energy  loss 
in  the  Copper  foil  of  99  •  The  expected  value 

obtained  from  the  Bethe- Bloch  equation[2],  which  leads  to 
the  scaling  law 


dE 

dx 


AXZ 


Z 2  dE 
~  A  *  dx 


proton 


('-$)•  <» 


is  80  .  in  good  agreement  with  the  measured 

value.  The  total  energy  loss  for  the  100  pm  foil  was  there¬ 
fore  about  9  MeV/amu. 

The  increase  of  the  width  of  individual  charge  state 
peaks  is  due  to  multiple  scattering  in  the  foil  which  leads 
to  an  increase  of  the  divergence  and  of  the  energy  spread 
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Foil  Thickness  [pm] 

25 

37.5 

50 

100 

Center  of  77+  Peak  [mm] 

22.6  ±0.2 

7.2  ±0.2 

3.9  ±0.2 

-18.7  ±  0.3 

Width  of  Peaks  [mm] 

8.2  ±0.3 

9.1  ±0.2 

10.7  ±0.3 

13.6  ±0.4 

Abundance  of  77+  [%] 

51  ±5 

13  ±  1 

9  ±  1 

4  ±  9 

Abundance  of  78+  [%] 

40  ±5 

44  ±  1 

46  ±  1 

42  ±4 

Abundance  of  79+  [%] 

10  ±  1 

44  ±  1 

45  ±  1 

54  ±5 

Table  1:  Fitting  parameters  for  the  four  foil  measurements 


of  the  beam.  In  gaussian  approximation  the  multiple  scat¬ 
tering  adds  in  quadrature  to  the  initial  beam  width  which 
results  in  the  following  dependency  of  the  beam  width  <r 
on  the  foil  thickness  d: 

a  =  yja$+ad  (2) 

The  result  of  a  fit  is  <r0  =  4.8  mm  and  a  =  1.7 
The  contribution  to  a  from  increased  divergence  based  on 
the  gaussian  approximation  to  Moliere’s  theory[3]  is  only 
0.92  where  we  used  the  calculated  projection  factor 
of  9.8  — ^*-1  for  the  beam  transport  between  foil  and  mon- 
itor.  This  suggests  that  half  of  the  increase  in  the  beam 
width  is  due  to  increased  energy  spread. 

Clearly  the  foil  leads  to  a  significant  beam  emittance 
blow-up  of  up  to  a  factor  of  8.  A  more  optimized  situation 
should  include  a  thinner  foil,  as  discussed  below,  and  a 
smaller  beam  spot  at  the  foil. 

3  A  Simple  Model 

The  relative  abundance  of  the  three  charge  states  can  be 
understood  within  the  framework  of  a  simple  model  if  we 
assume  that  after  a  short  distance  do  all  electrons  except 
the  K  shell  electrons  are  stripped  off.  Beyond  this  initial 
stripping  foil  thickness  the  relative  abundances  of  the  three 
charge  states  are  then  determined  solely  by  single  electron 
pick-up  and  stripping  between  the  three  charge  states  77+, 
78+ ,  and  79+[4].  This  can  be  described  by  a  set  of  coupled 
differential  equations: 


Figure  2:  Relative  charge  state  abundance  vs.  foil  thick¬ 
ness.  The  Au79+,  Au78+,  and  Au77+  abundances  are 
shown  as  circles,  squares  and  crosses,  respectively,  together 
with  the  model  calculations.  The  model  is  based  on  rate 
equations  between  these  three  charge  states  only. _ 

with 


*1  0  \  /  r79  \ 

~(Si+Pi)  S2  I  I  r7g  1 

P2  — *2  /  \  r77  / 


.  <3) 

where  r79,  r7g,  and  r77  are  the  relative  abundances  as  listed 
in  Table  1.  si  and  S2  are  stripping  probabilities  for  78  — ►  79 
and  77  — »  78,  respectively,  whereas  pi  and  P2  are  the  pick¬ 
up  probabilities  for  79  — ♦  78  and  78  — *•  77,  respectively. 
The  system  of  linear  differential  equations  can  easily  be 
solved.  The  eigenvalues  are: 


=0 

_  o-Q>»+PJ+»i+«a)  (4) 

\  _  -a— (Pi+Pa+<i+<a) 

/'3  —  2 


a2  =  Pi  +  P2  +  «i  +  *2  ~  2PiP2  +  2pisi  +  2p2S! 

— 2piSj  +  2p2S2  —  2SjS2 

A  fit  to  the  data  is  shown  in  Fig.  2  and  gives  the  following 
results: 


do  =  22.4  ±0.5  pm 

si  =  0.20  ±  0.04pm-1 

s2  =  0.27  ±0.07  pm-1  (5) 

Pi  =  0.19±  0.04pm-1 

P2  =  0.06  ±  0.02  pm-1 

This  simple  model  describes  the  dependency  of  the  abun¬ 
dances  on  foil  thickness  very  well,  which  is  reflected  in  a 
confidence  level  of  40%  of  the  \2  distribution.  For  a  very 
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thick  foil  these  probabilities  result  in  asymptotic  abun¬ 
dances  of 

r77  =  10% 

—  44%  (6) 

r7g  =  46% 

The  probabilities  calculated  above  can  be  used  to  deter¬ 
mine  absolute  cross  sections: 


<r(78 
<t(77 
<r(79 
<r(  78 


This  experiment 
79)  (24  ±  5)  x  10"2W 
78)  (32  ±  8)  x  10~2  W 
78)  (22  ±  5)  x  10-21cm2 
77)  (7  ±2)  x  10-2W 


Predicted 
9  x  10_21cm2 
22  x  10-21cm2 
12  x  10~21cm2 
6  x  10-21cm2 


The  predicted  cross  sections  are  based  on  the  relativis¬ 
tic  Bethe-Bloch  theory[2]  for  the  stripping  cross  sections 
and  on  an  extrapolation  of  eikonal  calculations  of  non- 
radiative-capture  for  a  Xe  projectile  on  a  Cu  target  [5]. 
Note  that  the  prediction  for  the  contribution  of  radiative 
capture  is  a  factor  of  10  smaller  for  a  heavy  target  such  as 
Cu. 


4  Conclusion 

This  analysis  shows  that,  even  with  this  relative  high  en¬ 
ergy  beam,  it  is  possible  to  produce  Helium-like  Au77+ 
ions  with  high  efficiency.  This  can  be  achieved  with  a  thin 
22  fim  thick  foil  which  also  introduces  only  minimal  emit- 
tance  growth. 
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Abstract 

The  injector  for  the  Continuous  Wave  Deuterium 
Demonstrator  is  designed  to  deliver  a  high  current  CW  nega¬ 
tive  deuterium  ion  beam  at  an  energy  of  200  keV  to  a  Radio 
Frequency  Quadrupole  [1].  The  injector  comprises  a  volume 
ion  source,  triode  accelerator,  high-power  electron  traps  and 
low-energy  beam  transport  with  a  single  focusing  solenoid. 
Some  75  Joules  of  energy  are  stored  in  stray  capacitance 
around  the  high  voltage  system  and  discharged  in  a  few  micro¬ 
seconds  following  an  injector  breakdown.  In  order  to  limit 
damage  to  the  accelerator  grids,  a  magnetic  snubber  is  incor¬ 
porated  to  absorb  most  of  the  energy.  Nevertheless,  large 
current  transients  flow  around  the  system  as  a  result  of  an 
injector  breakdown;  these  have  frequently  damaged  power 
components  and  caused  spurious  behavior  in  many  of  the  sup¬ 
porting  systems.  The  analytical  and  practical  approaches 
taken  to  minimize  the  effects  of  these  transients  aie  described. 
Injector  breakdowns  were  simulated  using  an  air  spark  gap 
and  measurements  made  using  standard  EMC  test  techniques. 
The  power  circuit  was  modeled  using  an  electrical  simulation 
code;  good  agreement  was  reached  between  the  model  and 
measured  results. 

I.  INTRODUCTION 

High  current  ion  injector  systems  have  frequently  suffered 
from  reliability  problems  associated  with  grid  conditioning  of 
the  dc  accelerator.  As  requirements  head  towards  higher  ion 
currents,  higher  duty  factors,  and  increased  energies,  the  reli¬ 
ability  problems  have  become  more  evident  and  seemingly 
more  difficult  to  overcome. 

During  initial  testing  of  the  injector  system  at  Culham 
Laboratory,  reliability  problems  occurred  when  operating 
above  150  kV,  with  both  power  and  control  circuits  being  fre¬ 
quently  damaged.  A  program  was  initiated  to  solve  these 
problems  after  the  system  was  installed  at  Argonne  National 
Laboratory.  The  nature  of  these  problems  are  now  better 
understood,  and  hardware  modifications  have  been  imple¬ 
mented  to  improve  reliability.  The  system  is  now  operating 
routinely  at  and  above  the  design  energy  of  200  keV.  In  this 
paper,  the  High  Voltage  Power  Supply  (HVPS)  is  used  to 
illustrate  techniques  and  solutions  that  were  implemented. 
These  same  techniques  and  solutions  were  also  used  on  other 
subsystems  of  die  injector. 


II.  TEST  METHODOLOGY 

When  a  breakdown  occurs,  energy  stored  in  stray  capaci¬ 
tance  of  the  high  voltage  circuit  is  discharged,  exciting 
resonances  in  the  low  megahertz  range.  The  result  is  a  radio 
frequency  transient  of  several  hundreds  of  amperes  flowing 
around  the  power  circuit,  generating  huge  RF  voltages  across 
stray  inductances  and  coupling  into  all  parts  of  the  system. 
The  currents  are  so  large  that  even  very  weakly  coupled 
circuits  can  be  catastrophically  affected. 

Bulk-Current  Measurement  and  Bulk-Current  Injection  are 
used  in  Electromagnetic  Compatibility  (EMC)  testing  to  mea¬ 
sure  conducted  emissions  and  conducted  susceptibility  of 
equipment  [2].  It  has  been  established  in  previous  tests  at 
Culham  and  in  similar  tests  at  JET  [3]  that  conducted  inter¬ 
ference  was  by  far  the  most  significant  problem  on  this  equip¬ 
ment,  even  though  radiated  levels  in  excess  of  140  dB/iV  have 
been  measured.  Bulk-Current  techniques  were  used  to  mea¬ 
sure  RF  currents  flowing  in  power  and  control  circuits  during 
actual  breakdowns  and  simulated  breakdowns  at  low  voltage 
to  allow  measurements  within  the  high  voltage  equipment,  and 
quantify  the  level  of  susceptibility  of  various  equipment.  In 
order  to  provide  a  consistent  test  scenario,  an  air  sparkgap 
was  used  to  simulate  injector  breakdowns. 

Figure  1  shows  the  main  components  of  the  injector  high 
voltage  power  circuit.  Transient  currents  are  shown  for  a 
sparkgap  setting  of  56  kV;  peak  breakdown  currents  are  in 
amperes.  The  current  transient  is  principally  a  damped  sinu¬ 
soid  at  1  MHz  lasting  approximately  6  ps,  produced  as  stray 
capacitance  in  the  high  voltage  isolation  transformer  and  the 
high  voltage  feedthrough  are  discharged  through  the  busbar 
system. 

Surprisingly  large  currents  were  measured  in  the  high 
voltage  power  supply  switched-mode  electronics  (HV  Con¬ 
troller).  These  can  be  explained  when  it  is  realized  that  con¬ 
siderable  voltages  are  generated  along  the  machine  ground 
busbar.  The  busbar  between  the  machine  star-point  and  die 
HVPS  Ov  connection  had  an  inductance  of  15  pH.  At  1  MHz, 
the  impedance  of  this  connection  was  94  0  and  could,  there¬ 
fore,  be  expected  to  develop  approximately  20  kV  across  it. 
This  voltage  then  appeared  as  a  differential  across  the  HVPS 
isolation  transformer,  which  coupled  the  transient  by  way  of 
stray  capacitance  and  an  imperfect  primary  screen. 


*Supported  Under  U.S.  Government  Contract  No.  W31  RPD-2-D4072. 
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Significant  transients  (up  to  one  ampere)  were  measured 
on  control  cables  between  the  injector  and  the  control  room, 
even  though  they  are  DC  isolated.  However,  for  RF,  these 
cables  are  in  parallel  with  the  busbar  connecting  the  machine 
star-point  to  building  ground  and,  therefore,  cany  a  portion  of 
the  feedthrough  discharge  currents. 

ffl.  CIRCUIT  ANALYSIS 

A  simplified  equivalent  circuit  of  the  injector  high  voltage 
power  system  is  shown  in  Figure  2.  Most  of  the  capacitance 
values  were  obtained  by  measurement,  whereas  the  inductance 
values  were  calculated. 

An  analog  circuit  analysis  program  for  personal  com¬ 
puters,  Micro-Cap  IV  [4],  was  used  to  generate  current  and 
voltage  waveforms  for  various  nodes  of  the  circuit.  For  com¬ 
parison,  generated  waveforms  are  shown  in  Figure  2  at  the 
same  locations  as  the  measured  waveforms  in  Figure  I.  Both 
the  measured  and  calculated  waveforms  decayed  exponentially, 
reaching  equilibrium  in  6-10  fis.  Overall,  the  analysis  agreed 
well  with  reality,  although  peak  values  of  the  calculated  wave¬ 
forms  were  generally  higher  than  those  of  the  measured  wave¬ 
form.  One  possible  reason  is  that  small  resistive  components 
were  not  included  in  the  model  except  around  die  HV 
controller. 

A  major  component  of  the  HV  circuit  is  the  magnetic 
snubber.  This  device  is  designed  to  absorb  much  of  the 
available  energy  generated  during  an  arc  discharge.  The 
energy  is  dissipated  by  means  of  eddy  current  losses  in  a 
transformer  core.  The  CWDD  snubber  is  similar  to  the  snub¬ 
ber  developed  by  Lawrence  Berkeley  Laboratory  [5],  In  the 
analysis,  the  snubber  has  been  represented  by  a  resistor  in 
parallel  with  an  inductance. 

The  Berkeley  paper  assumes  a  nonoscillatory  current  sug¬ 
gesting  that  the  value  of  inductance,  L,  is  so  large  that  it  can 
be  neglected,  and  that  the  resistance  is  a  function  of  time.  For 
large  values  of  L,  breakdown  transients  should  decay  exponen¬ 
tially,  similar  to  overdamped  or  critically  damped  circuits. 
However,  observed  transients  on  the  CWDD  injector  are  oscil¬ 
latory,  similar  to  that  of  an  underdamped  circuit.  Attempts  to 
measure  the  snubber  inductance  produced  values  in  the  10  to 
40  pH  range.  Using  the  lower  value  of  L  in  the  circuit  analy¬ 
sis  resulted  in  calculated  waveforms  more  closely  resembling 
measured  waveforms  than  when  using  higher  values. 

IV.  SOLUTIONS 

It  became  clear  that  the  grounding  system  must  be  modi¬ 
fied  to  minimize  impedances  and,  hence,  voltage  drops.  To 
reduce  currents  in  the  HV  controller,  the  HVPS  elements  must 
all  be  connected  to  the  same  ground  point.  Breakdown  current 
paths  must  be  localized  as  much  as  possible,  to  reduce  cou¬ 
pling  to  other  circuits. 


An  existing  aluminum  akin  covering  die  walls  and  floor 
of  the  high  voltage  areas  offered  a  low  impedance  ground 
system  and  was  close  to  an  ideal  coaxial  arrangement.  Power 
system  ground  connections  were  removed  from  the  bus  bar 
and  connected  to  this  skin.  Since  this  skin  is  so  wide,  the 
limiting  factor  in  minimizing  ground  impedance  became  die 
connections  from  die  equipment  to  the  skin.  In  addition  to 
ground  system  modifications,  each  subsystem  was  modified  to 
improve  internal  grounding  for  radio  frequencies,  and  filtering 
was  installed  to  shunt  transient  currents  to  ground. 

Sparkgap  testing  was  repeated  at  56  kV  and  then  at 
200  kV.  Unwanted  currents  had  been  reduced  by  at  least  a 
factor  of  four,  and  in  the  case  of  the  busbar  currents  to 
ground,  a  factor  fifty  improvement  had  been  made.  Indeed, 
at  200  kV,  the  HVPS  currents  are  now  lower  than  previously 
measured  at  56  kV. 

Modeling  of  the  new  arrangement  was  made  in  order  to 
predict  improvements  in  unwanted  currents  Accurate  model¬ 
ing  was  found  to  be  more  difficult  since  die  new  ground  sys¬ 
tem  impedance  was  difficult  to  calculate.  However,  die  model 
did  predict  improvements  comparable  to  those  seen  when 
sparkgap  tests  were  performed. 

V.  SUMMARY 

Conventional  power  system  approaches  are  clearly  inade¬ 
quate  when  designing  high  voltage  systems  for  today’s  injec¬ 
tors.  Further  considerations  are  necessary  to  successfully 
manage  the  transients  resulting  from  dc  accelerator 
breakdowns. 

Breakdown  transients  have  been  measured  on  the  CWDD 
injector  and  their  effects  are  now  understood.  Dramatic 
improvements  have  been  made  in  the  reliability  as  a  result  of 
modifications,  such  that  the  high  voltage  systems  now  operate 
more  reliably  at  200  kV  than  previously  at  any  voltage. 

The  system’s  behavior  has  been  modeled  to  first  order 
using  relatively  simple  circuits.  These  proved  helpful  in 
understanding  failures  caused  by  breakdowns.  Proposed 
modifications  were  tested  on  the  model  before  implementation 
on  the  real  system.  Overall  improvements  predicted  by  the 
model  compared  favorably  with  those  obtained  in  practice. 

The  effect  of  the  magnetic  snubber  on  a  resonant  circuit 
needs  further  work.  At  1  MHz,  the  CWDD  snubber  is  clearly 
less  effective  than  expected— far  less  energy  is  dissipated,  and 
peak  currents  appear  to  be  limited  as  much  by  stray  inductance 
as  by  the  snubber  itself. 

Experience  on  CWDD  has  shown  that  with  proper  man¬ 
agement  of  transients,  a  high  level  of  reliability  can  be 
achieved  on  high  voltage,  high  power  injector  systems. 
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Abstract 

The  Superconducting  Super  Collider  Laboratory  (SSCL) 
and  the  Los  Alamos  National  Laboratory  (LANL)  entered  into 
a  joint  venture  to  design  and  develop  a  600  kW  amplifier  and  its 
low-level  controls  for  use  in  the  Radio-Frequency  Quadrupole 
(RFQ)  accelerating  cavity  of  the  SSC.  The  design  and 
development  work  has  been  completed.  After  being  tested 
separately,  the  high  power  amplifier  and  low  level  RF  control 
system  were  integrated  and  tested  on  a  test  cavity.  Results  of 
that  tests  are  given.  Tests  were  then  carried  out  on  the  actual 
RFQ  with  and  without  the  presence  of  the  accelerated  beam. 
Results  of  these  tests  are  also  given,  along  with  the  phase  and 
amplitude  information. 

I.  INTRODUCTION 

The  RFQ  cavity  requires  225  kW  of  power  at  each  of  two 
RF  input  ports  at  a  frequency  of  427.617  MHz.  To  provide  this 
power  with  an  adequate  amount  of  safety  margin  and  enough 
drive  to  ensure  a  fast  cavity  fill  time,  a  600-kW  amplifier  was 
designed  and  built  The  requirements  [1]  placed  upon  the 
amplifier  are  as  shown  in  Table  1. 

Table  1 

RFQ  Amplifier  Requirements 


Operating  Frequency 

427.617  MHz 

Bandwidth 

300  KHz  Minimum 

Power  Output 

600  kW  peak 

Gain 

77  dB  nominal 

Pulse  Length 

100  microseconds 

Pulse  Repetition  Rate 

0-10  Hz 

Pulse  Droop 

1%  maximum 

Linear  Range 

<0.5  db  within  any  one  hour 
period 

Phase  Stability 

<10  deg.  within  any  one 
hour  period 

The  purpose  of  the  low  level  RF,  along  with  providing  the 
drive  power  to  die  amplifier,  is  controlling  the  phase  and 
amplitude  of  the  cavity  RF.  The  RF  field  in  the  RFQ  cavity  is  to 
be  maintained  within  0.5  degrees  of  the  desired  phase  and  0.5% 
of  the  desired  amplitude. 

A  block  diagram  of  the  RFQ  RF  System  [2-4]  is  shown  in 
Figure  1. 


•Operated  by  the  Universities  Research  Association,  Inc.,  for  the  U.S. 
Department  of  Energy  under  Contract  No.  DE-AC35-89ER40486. 


Figure  1.  RFQ  RF  System. 


H.  TOPOLOGY 

The  amplifier  consists  of  three  stages  of  RF  amplification. 
The  first  stage  is  a  solid-state  amplifier  which  takes  the  input  RF 
and  amplifies  it  by  approximately  48  dB.  The  intermediate 
amplifier  consists  of  a  cathode-modulated  Eimac  8938  Triode, 
cavity,  and  a  high  voltage  power  supply.  The  tube  is  air  cooled 
and  has  a  gain  of  approximately  15  dB.  The  final  power  stage 
consists  of  a  Burle  4616  tetrode  and  its  associated  cavity,  a 
25  kV  anode  power  supply  rated  at  2  kW  average  power  output, 
and  the  necessary  grid  supplies.  The  tetrode  operates  in  Class 
AB  with  approximately  5  mA  of  bias  current  from  the  high 
voltage  power  supply.  At  the  600  kW  output  level  the  efficiency 
is  approximately  60%. 

The  low  level  RF  circuitry  is  VXI  based  and  uses  the 
in-phase  (I)  and  quadrature  signal  components  (Q)  or  more 
commonly  called  an  I&Q  detection  system.  The  cavity  field 
sample  is  downconverted  to  20  MHz,  where  a  vector  detector 
performs  I&Q  detection.  The  resulting  I&Q  baseband  signals 
are  fed  to  a  pair  of  Proportional  Integral  Differential  (PID) 
controllers,  one  for  the  I  signal  and  another  for  the  Q  signal.  The 
setpoints  for  die  I&Q  channels  are  also  fed  to  the  PID 
controllers  where  die  cavity  field  error  signals  are  generated 
and  processed.  The  outputs  of  the  I&Q  PID  controllers  are  fed 
to  a  20  MHz  vector  modulator,  the  output  of  which  is 
upcon verted  to  the  427.617  MHz  operating  frequency.  The 
output  of  die  upconverter  passes  through  a  fast  RF  switch  and 
additional  amplification  before  driving  the  high  power 
amplifier. 

Many  signals  in  the  low  level  RF  crate  are  available  as 
analog  signals  on  the  module  front  panels  and,  once  per  beam 
pulse,  are  monitored  through  sample  and  bold  circuits  which 
are  then  sent  to  slow  speed,  on  board  A/D’s.  Additionally, 
certain  critical  analog  signals  can  be  remotely  selected  and  fed 
across  the  VXI  backplane  to  a  twisted  pair  line  driver  for  remote 
viewing  or  fast  digitizing.  All  timing  pulses  for  low  level  RF 
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FREQUENCY  RESPONSE 


circuitry  and  the  high  power  amplifier  gate  are  derived  on  board 
each  VX1  module  through  the  use  of  a  programmable  timing 
generator  triggered  by  a  single  10  Hz  pulse  from  the  Linac 
timing  system. 

RF  transmission  components  at  the  output  of  the  power 
amplifier  consist  of  a  high  power  circulator  to  isolate  the 
amplifier  from  the  high  reflected  power  during  the  cavity  fill 
time,  a  six-port  coupler  to  provide  amplifier  reverse  and 
forward  power  to  the  low  level  RF,  and  a  manual  high  power 
waveguide  switch  that  can  be  used  to  direct  the  RF  energy  to  a 
dummy  load  for  test  purposes. 

m.  TEST  RESULTS 

Table  2  lists  the  results  obtained  when  testing  the  amplifier 
into  a  high  power  water  load. 


Figure  2.  RFQ  amplifier. 


Table  2 

Amplifier  Test  Results 


Gain 

77.4  dB 

Linear  Range 

200  to  500  kW 

3  dfi  Bandwidth 

900  kHz 

1  dB  Bandwidth 

550  kHz 

Maximum  Power  Output 

625  kW 

Efficiency 

63% 

The  frequency  response  data  for  the  amplifier  is  listed  in 
Table  3.  The  data  is  plotted  in  Figure  2. 

Table  3 

Frequency  Response 


FREQ 

(MHz) 

Po 

(kW) 

Pin 

(kW) 

GAIN 

(dB) 

427.1 

228 

12.5 

427.2 

323 

12.5 

427.3 

443.2 

12.5 

74 

427.4 

546 

12.5 

427.5 

611.8 

12.5 

Is  1 

427.6 

620 

12.5 

427.7 

615 

12.5 

:  -  . 

427.8 

566.5 

12 J 

75 

427.9 

498.6 

12.5 

74.5 

428.0 

432.2 

12.5 

73.8 

428.1 

343.6 

12.5 

72.9 

428.2 

261.4 

12.5 

71.7 

Tests  of  the  RF  system,  LLRF  and  amplifier  are  shown  in 
tihe  following  figures.  Figure  3  illustrates  the  field  in  a  test 
cavity  without  a  simulated  beam.  After  initial  cavity  filling  and 
settling  time  the  phase  is  controlled  to  within  0.1  degree  and  the 


amplitude  is  controlled  within  0.1%.  Figure  4  illustrates  the 
field  in  the  test  cavity  with  simulated  beam  loading,  with  both 
LLRF  feedback  control  and  feedforward  consisting  of  a  square 
input  pulse  to  the  PID  controllers  0.2  microseconds  before  the 
beam  pulse.  The  maximum  phase  variation  in  this  case  is 
0.2  degrees  and  the  maximum  amplitude  variation  is  0.4%. 
These  tests  prove  that  the  SSC  RFQ  RF  system  can  meet  its 
phase  and  amplitude  performance  requirements  with  a 
combination  of  feedback  and  feedforward  in  the  control 
system. 

The  photograph  of  Figure  5  was  taken,  open  loop,  with  the 
RF  amplifier  delivering  363  kW  of  power  at  427.617  MHz  into 
the  RFQ  cavity.  A  20-milliampere,  2.5-MeV  beam  was  present. 
The  lower  trace  of  the  photo  shows  file  high  VSWR  diving  the 
cavity  fill  time.  Immediately  after  the  fill  and  before  file  beam 
arrives,  the  mismatch  of  the  cavity  to  the  amplifier  can  be  seen. 
During  the  beam  the  improved  match  is  apparent  followed  by 
the  high  reflection  at  the  end  of  the  pulse.  The  upper  trace  shows 
the  effect  of  beam  loading  on  the  cavity  RF. 
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Figure  3.  Amplitude  (Upper  TYace)  and  Phase  Gower  trace) 
of  a  test  cavity  without  beam  loading  simulation.  Phase  1 
degree  per  division. 
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Figure  4.  Cavity  amplitude  (upper  trace)  and  phase  Gower 
trace)  of  test  cavity  with  beam  loading  simulation.  Feed 
forward  and  feedback  present.  Phase  1  degree  per  division. 


Figures.  Photograph  of  amplitude  (upper  trace)  and 
reflected  power  Gower  trace)  taken  during  20  milliampere 
beam  in  RFQ  cavity.  System  is  running  open  loop. 


IV.  SUMMARY 

From  the  data  taken  during  the  testing  of  the  RFQ  RF 
subsystem  it  has  been  shown  that  the  system  meets  all  the 
design  requirements  placed  upon  it.  Testing  into  a  test  cavity 
was  done  by  using  a  60-dB  coupler  from  the  main  RF  power  line 
since  the  test  cavity  was  only  capable  of  accepting  2  watts. 
Testing  into  the  RFQ  cavity  is  ongoing  at  the  SSC  central 
facility.  As  of  this  writing  the  2 .5  Mev,  20  milliampere  design 
goal  has  been  achieved. 
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Abstract 

The  UCLA  rf  photo-injector  system  has  been 
commissioned(l).  All  of  the  sub-components  such  as  the 
high  power  rf,  pico-second  laser,  rf  photo-injector  cavity, 
diagnostics,  and  supporting  hardware  have  been  tested  and  are 
operational.  We  briefly  discuss  the  performance  of  the  various 
components  since  the  details  of  each  subsystem  are  very 
lengthy.  The  laser  delivers  a  sub  4  ps  pulse  containing  0- 
300pJ  of  energy  per  pulse.  The  photo-injector  produces  0-3 
nC  per  bunch  with  an  rf  induced  emittance  of  l.S  n(mm- 
mrad). 

I.  INTRODUCTION 

We  report  the  initial  results  of  the  operation  of  the  UCLA  4.3 
MeV  Photocathode  RF  gun.  This  electron  source  is  part  of  a 
20  MeV  compact  electron  linac  described  before(l).  It  will  be 
used  for  studies  of  the  interaction  of  relativistic  beams, 
plasmas  and  the  generation  of  coherent  radiation.  All  the 
components  of  this  system  have  been  built  and  tested.  Full 
assembly  will  be  completed  during  the  fall  of  1993.  Our 
initial  work  has  been  dedicated  to  a  characterization  of  the 
photocathode  rf  gun,  which  is  the  electron  source  for  the 
system.  As  part  of  this  work  we  have  measured  the  electron 
beam  emittance  and  the  quantum  efficiency  of  a  copper  cathode 
under  different  conditions.  Detailed  descriptions  of  the  results 
of  these  measurements  and  the  techniques  used  are  reported  in 
other  papers  presented  at  this  conference.  We  will  limit  this 
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paper  to  a  summarization  of  the  overall  performance  of  the 
gun  and  our  plans  for  its'  future  development.  The 
photocathode  rf  gun  has  also  been  used  to  study  a  thin  plasma 
lens(2).  This  experiment  demonstrated  electron  beam  focusing 
and  confirmed  theoretical  expectations. 

D.  ACCELERATOR  SYSTEM  DESCRIPTION 

A.  RF  System 

The  gun  is  powered  by  a  SLAC  XK5  type  klystron 
producing  24  MWatts  of  rf  power  with  a  pulse  duration  of  4 
ps.  The  rf  system  is  driven  by  a  signal  produced  by  a  master 
oscillator  clock  at  a  frequency  of  38.08  MHz.  This  signal  is 
multiplied  75  times  to  produce  the  klystron  operating 
frequency  of  2.8S6  GHz  and  is  then  sent  to  a  1  kwatt  solid 
state  amplifier.  The  amplifier  signal  in  turn  feeds  the 
klystron.  This  ensures  the  timing  and  a  feed  back  loop 
stabilizes  the  laser  pulse  to  rf  jitter  to  less  than  4  ps. 

B.  RF  Photo-Injector 

The  photocathode  rf  gun  is  based  on  the  Brookhaven 
design(3).  It  consists  of  a  one  and  a  half  cell  standing  wave 
accelerator  producing  a  beam  with  an  energy  up  to  4.5  MeV. 
Producing  accelerating  gradients  of  up  to  100  MV/m  are 
achieved. 

C.  Laser  System 

The  drive  laser  is  a  mode  locked  Nd-YAG  oscillator 
cavity.  To  compress  the  pulse  the  laser  is  matched  into  a 
500m  fiber  to  produce  a  frequency  chirp.  The  chirped  pulse  is 
then  amplified  a  million  times  by  a  regenerative  amplifier  and 
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Figure  2. 

sent  to  a  grating  pair  where  it  is  compressed.  Once  it  leaves 
the  compression  stage  the  laser  beam  is  frequency  upconverted 
to  green  by  a  KD*P  crystal.  Then  it  is  doubled  again  to  UV, 
266  nm,  by  a  second  frequency  doubling  crystal.  The  up 
conversion  efficiency  is  typically  10%.  The  laser  was 
measured  with  a  streak  camera  and  is  shown  in  figure  1. 

D.  Diagnostics 

The  electron  beam  diagnostics  are  as  follows.  The  main 
diagnostics  are  the  phosphor  screens  which  monitor  the  spot 
size.  An  Integrating  Current  Transformer.  ICT,  is  used  to 
measure  the  electron  beam  charge  along  with  faraday  cups  at 
various  locations.  Some  of  the  phosphor  screens  are  floated 
so  that  they  can  double  as  faraday  cups.  A  dipole  is  used  to 


measure  the  energy  and  energy  spread  of  the  beam. 

D.  QUANTUM  EFFICIENCY 

A.  Quantum  Efficiency  Results 

The  quantum  efficiency  measurements  are  described  in 
detail  in  (4).  The  quantum  efficiency  has  been  measured  as  a 
function  of  input  laser  energy,  illumination  angle,  and 
polarization.  In  the  first  series  of  measurements  the  cathode 
was  initially  damaged  by  over  focusing  the  laser  to  a  small 
spot  size.  This  produced  local  melting  and  damaged  the  copper 
cathode  surface.  The  damage  limited  the  possibility  of 
producing  a  beam  with  the  design  spot  size  of  about  3  mm, 
since  most  electrons  where  produced  by  the  damaged  area.  The 
resulting  effective  spot  size  was  about  0.3  mm.  This  small 
spot  size  led  to  large  space  charge  effects  at  small  charge,  so  in 
this  series  of  measurements  space  charge  was  always  a 
dominant  effect 


Angle  of 

Incidence,  Degrees 

Polarization 

Quantum 

Efficiency 
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9x10^ 

2 
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9xlfr5 

70 
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9xl0-5 

70 

P 

1.3X104 

Table  1. 


The  main  results  for  the  damaged  cathode  quantum 
efficiency  are  given  in  Table  1.  One  can  see  that  the  quantum 
efficiency  depends  on  the  incidence  angle  and  the  light 
polarization.  The  largest  quantum  efficiency,  10"4,  is  obtained 
for  70  degrees  incident  angle  and  P  polarized  light.  The 
dependence  of  the  quantum  efficiency  on  the  polarization  angle 
<j»  is  shown  in  Fig.  3  and  can  be  fitted  with  a  cos*$ 
dependence  which  implies  single  photon  emission. 

m.  ENERGY  and  ENERGY  SPREAD 
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Figure  3. 
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The  time  jitter  of  the  laser  pulse  and  the  fluctuations  in  the  rf 
voltage  are  of  deep  concern  for  future  FEL  experiments.  In 
Fig.  4  we  show  the  fluctuations  in  the  dark  current  energy  end 
point,  showing  the  level  of  the  rf  system  fluctuations.  In  Fig. 
S  we  show  the  jitter  in  peak  momentum  of  the  photoelectrons, 
which  includes  also  the  laser  pulse  jitter.  One  can  see  that  the 
resulting  rms  momentum  fluctuation  is  0.25%  and  is  due 
mainly  to  the  residual  laser  pulse  jitter.  The  dependence  of  the 
bunch  energy  on  the  initial  rf  phase  is  shown  elsewhere(5). 
This  dependence  shows  that  the  accelerating  field  in  the  two 
cells  is  unbalanced  with  a  larger  field  in  the  full  cell. 
Introducing  this  unbalance  the  data  can  be  fitted  using  the 
analytical  theory  of  Kim  .  From  the  beam  energy 
measurements  we  can  also  determine  the  gun  shunt  impedance 
which  is  evaluated  to  be  36  Mfl/m.  smaller  than  the  value 
expected  from  the  Superfish  calculations.  The  beam  energy 
spread  measured  at  low  current,  50  pC,  is  less  than  0.2%. 
However,  due  to  the  large  space  charge  effects  it  increases 
rapidly  with  charge,  when  using  the  damaged  cathode. 

IV.  EMITTANCE 


Shot  Number  (in  order  of  ascending  Q) 


Figure  5. 

experiments  completed  at  UCLA. 


The  jnce  has  been  measured(5)  using  a  pepper  pot. 
Measurements  at  a  charge  smaller  than  50  pC,  show  an 
emittance  dominated  by  rf  effects  with  a  minimum  of  1.5 
nmm-mrad  rms  .  At  larger  charge  the  emittance  is  dominated 
by  space  charge  effects,  in  the  case  of  the  damaged  cathode  and 
unbalanced  gun.  These  results  as  well  as  the  results  for  the 
energy  spread  are  compatible  with  the  assumption  of  an  initial 
spot  size  of  0.3mm  radius,  rms.  The  rf  photoinjector  is 
clearly  a  very  brilliant  electron  source,  capable  of  producing 
beams  with  time  structures  determined  by  the  incident  laser 
pulse.  Metal  cathodes  are  very  robust  but  put  strong 
requirements  on  the  laser  fourth  harmonic  generation 
efficiency.  Importance  of  reducing  amplitude  fluctuations  and 
time  jitter  is  also  noted.  The  potoinjector  produces  a  beam  of 
supiorer  quality  as  exemplified  by  the  successful  plasma  lens 


V  CONCLUSION 

The  UCLA  photo-injector  has  been  operated  successfully. 
The  measurements  show  that  the  emittance  scales  as  expected 
The  important  thing  to  note  is  that  for  these  set  of  emittance 
runs  the  rf  photo-injector  had  a  field  imbalance.  The  filled  in 
the  full  cell  was  1.8  times  that  in  the  half  cell.  This 
contributed  to  emittance  blowup  as  did  the  phosphor  screens 
used  to  measure  the  emittance.  The  phosphor  screens  were 
placed  onto  the  beamline  at  a  45°  angle.  This  created 
broadening  of  the  line  widths 
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